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Editorial 


The resignation of Dr. Jonathan Meakins as Editor of the AMERICAN HEART 
JouRNAL has been accepted by the Editorial Board with extreme regret. When 
the American Heart Association withdrew its sponsorship of the JOURNAL ten 
years ago, Dr. Meakins accepted editorial responsibility. He gathered a new 
Editorial Board and maintained publication without interruption. He has 
worked diligently, devotedly, and unselfishly throughout these past ten years, 
maintaining a tradition of excellence in publication. He has organized methods 
for reviewing and processing manuscripts so that now a paper is published in 
about four months after it reaches the Editor’s office. The Editorial Board, 
the publishers, and the readers are grateful for and appreciative of his contri- 
butions, and humbly acknowledge their everlasting obligation to him for his 
devoted work. May he always feel that this is “his journal,’’ and may he con- 
tinue to provide suggestions and assistance to it. 

The AMERICAN HEART JOURNAL has been published for more than a third 
of a century. Within its pages is found the history of cardiology not only of 
America but of the world. The history and progressive growth of the American 
Heart Association are contained in its printed pages. The developments and 
discoveries of the leading cardiologists of the past and present have been reported 
in the JOURNAL, and they and their laboratories have been established through 
the JOURNAL. 

The new Editor accepts his assignment with realization of the responsibilities, 
as well as the opportunities for growth and development of the JOURNAL. With 
the help of three Assistant Editors from the same laboratory, and with the 
support of the Editorial Board, the publishers, and, most of all, the readers, 
the duties may be accepted with confidence and hope that the next interval of 
editorial custodianship will be successful. 

Certain changes in the JOURNAL are planned. As experience dictates, these 
changes will be consolidated, altered, or eliminated. No rigid commitment on 
policy or format is to exist. It is planned to divide the JOURNAL into two main 
parts, one devoted to original clinical communications and the other to reports 
of laboratory or animal research which is not necessarily clinically oriented. 
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In addition, there will be critical editorials and reviews relating to cardiovascular 
disease in the broad sense. ‘Letters to the Editor’’ will be published. These 
should contain opinions or reports on cardiovascular problems, no matter where 
or how initiated. This section will also contain comments upon reports pub- 
lished in the AMERICAN HEART JOURNAL and elsewhere, as well as suggestions 
for improvement of the care of patients or the conduct of research. It is hoped 
that these will be instructive and provocative. This section can also serve as 
a medium for rapid reporting of new discoveries and ideas. 

The Editorial Board of the AMERICAN HEART JOURNAL wishes to receive 
papers, clinical and research, concerned with any aspect of the cardiovascular 
system, including clinical cardiological (to include case reports), biochemical, 
technical, instrumental, peripheral vascular, renal, anatomical, pharmacological, 
epidemiological, social, or any other categorical or disciplinary phase. Publi- 
cation of accepted manuscripts will be prompt. 

The AMERICAN HEART JOURNAL is an international publication, with many 
lands represented in its Editorial Board. The Editorial Board invites papers 
from all countries of the world. If it is at all possible, papers should be sub- 
mitted in the English language to avoid delay in review and publication. When 
necessary and feasible, acceptable papers will be translated by the JOURNAL 
into English. Authors outside the United States are invited to solicit the advice 
and assistance of members of the Editorial Board from their own countries con- 
cerning any aspects of their manuscripts. 

New members have accepted appointment to the Editorial Board, and 
others will be added from time to time. The term of service shall be five years, 
with possibility of renewal. 

The new Editor invites suggestions and begs the indulgence of the Editorial 
Board and readers as he accepts the responsibilities for the AMERICAN HEART 
JouRNAL during the next interval of editorship. 


GEORGE E. BurcH 
FOR THE EDITORIAL BOARD 
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The Principles of Esophageal Electrocardiography 
Daniel A. Broey, M.D., and G. Daniel Copeland, M.D.,* Memphis, Tenn. 


During the past 16 months we have conducted a clinical study of esophageal 
electrocardiography in which unipolar and bipolar leads were recorded at mul- 
tiple levels of the esophagus on 106 occasions in 22 normal and 71 abnormal 
subjects. In order to facilitate interpretation of our tracings we undertook an 
ancillary study of those heart-lead relationships which pertain specifically to 
the esophageal electrocardiogram. In so doing we drew freely from two modern 
concepts which have already greatly advanced the understanding of body surface 
electrocardiograms; namely, the principle of the lead field'? and of the lead 
vector.?* 

The purely clinical aspects of the study will be reported in a companion 
paper. In the present report we deal primarily with the lead-vector and lead- 
field principles as they apply to the interpretation of esophageal electrocardio- 
grams. It is our hope that the application of these principles as developed here 
may serve both as a basis and a stimulus for further advances in the realm of 
esophageal electrocardiography. 


THE BASIC SCHEMA 


The heart-lead relationships of body surface electrocardiography are con- 
cerned primarily with the electrical potentials which are produced on the surface 
of a volume conductor by electromotive surfaces or current dipoles immersed 
in the conductor. In esophageal electrocardiography the conceptual model 
is essentially the same, but the emphasis shifts to those potentials which occur 
within the body in the vicinity of the heart. 

The simplest possible model of esophageal electrocardiography consists of 
an electrically homogeneous, extended medium which contains a single electrode 
located in proximity to the heart. The relationship between this proximate 
electrode and the electromotive forces of the heart can be determined by causing 
one unit of electrical current to flow from the given electrode to another, quite 
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remote, electrode, thus producing a lead field. Under the stated conditions the 
lead-field current flows in rectilinear streamlines from the proximate electrode, 
and the isopotential surfaces of the lead field form a family of concentric spheres 
centered about the proximate electrode. 

According to lead-field theory! the influence of a uniform electromotive 
surface on the electrode is directly proportional to the amount of lead-field current 
which flows through the surface. Therefore, within this special set of circum- 
stances the solid-angle concept‘ of heart-lead relationships is directly applicable. 

In determining the relative contribution of a given small element of the 
electromotive surface to the pickup electrode, we find the lead-vector idea some- 
what more flexible and illuminating than the solid-angle concept. To apply 
this principle we construct a lead vector which is directed from the surface ele- 
ment toward the electrode, and which has a magnitude inversely proportional 
to the square of the distance between the two points. A second vector, repre- 
senting the electromotive activity of the surface element, is constructed normal 
to the surface element and with a magnitude which is directly proportional to 
the electrical moment of the surface element. The dot or scalar product of the 
two vectors represents the contribution of the surface element to the potential 
of the pickup electrode. 

Assuming electrical homogeneity of the human body, the heart-lead rela- 
tionships derived from the case of the unbounded medium probably apply with 
considerable accuracy for portions of the heart located in proximity to an esopha- 
geal electrode. However, it is equally likely that the validity of these relation- 
ships deteriorates significantly in considering more remote portions of the heart. 

In order to pursue this point further we developed a theoretical model that 
consisted of a homogeneous, spherical volume conductor containing an eccen- 
trically located esophageal electrode. The analysis was simplified further by 
applying a great number of point electrodes uniformly to the surface of the model 
and connecting them together through equal resistors of large magnitude. The 
common terminal of the resistor network serves as an indifferent electrocardio- 
graphic connection. Finally, a lead field is produced in the model by causing 
one unit of electrical current to flow from the esophageal to the indifferent elec- 
trode. The principles by which such a lead field can be mapped is described in 
the appendix. 

Fig. 1 shows such a lead field (plotted in axially symmetric isoflow intervals) 
when the esophageal electrode is located halfway between the center and the 
surface of the model. In the vicinity of the esophageal electrode the flow lines 
of the lead field differ very little from the flow lines of an electrode immersed in 
an unbounded medium. It is essentially for this reason that the solid-angle 
concept is reasonably accurate for electromotive forces occurring close to the 
esophageal electrode. However, for more distant regions the streamlines of the 
lead field curve in the manner shown. Under these circumstances the solid- 
angle concept is no longer valid and must be replaced by the more general lead- 
field hypothesis. 

The region throughout which the solid-angle relationship is adequate de- 
pends largely upon the eccentricity of the esophageal electrode. For instance, 
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if the electrode is centrally located the solid-angte concept applies accurately 
to the entire model. On the other hand, for extreme degrees of eccentricity it 
is valid only for a highly restricted region in the vicinity of the esophageal elec- 
trode. In regions where the solid angle constitutes a sufficiently accurate approxi- 
mation it is possible to construct lead vectors by the simple method described 
earlier in this section. In determining lead vectors at more remote regions a 
more complicated procedure is required, based on the principles described in the 
appendix. 


Analysis in the case of bipolar esophageal leads is simply an extension of 
the unipolar lead analysis just outlined. In principle, one deals with two lead 
fields and their parameters. One of these lead fields is that produced by one 
unit of current flowing from the positive member of the electrode pair to the 
indifferent terminal; the other is that produced by an equal amount of electricity 
flowing from the indifferent terminal to the negative member of the electrode 
pair. Thus, the field of the bipolar lead connection may be treated as the elec- 
trical field of a physical current dipole, with the indifferent electrode (or any other 
such return connection) disappearing from our considerations. 


HEART-LEAD RELATIONSHIPS PERTAINING TO VENTRICULAR DEPOLARIZATION 


Perhaps the most striking single feature of conventional esophageal elec- 
trocardiography is that the ratio of P wave to QRS amplitude tends to be several 
times greater than is the case in body surface leads. In terms of absolute magni- 
tude the esophageal registration procedure produces considerable amplification 
of atrial impulses and relatively minor amplification of ventricular impulses. 
This suggests that significantly different factors are involved respectively during 
each of these two phases of electrocardiographic inscription. Accordingly, in 
this report the heart-lead relationships will be developed separately for each 
phase, with an attempt at correlation later. 


In order to gain information concerning the genesis of the QRS complex 
in the unipolar esophageal lead we analyzed the theoretical model shown in 
Fig. 2. The model consists of a homogeneous, spherical volume conductor 
in which the ventricular accession layer is represented as occupying successive 
portions of an eccentrically located, dome-shaped surface. The activation layer 
is presumed to begin at the apex of the dome and to spread with uniform surface 
speed toward its base. It is further presumed that when the. accession layer 
has spread across five eighths of the surface distance from apex toward base, 
a “‘hole’’ develops at the apex of the electromotive surface, and that the trailing 
edge thus formed moves toward the base at the same rate as the leading edge. 
The particular electromotive surface shown in Fig. 2 is that occurring at the 
instant that the leading edge has moved seven eighths, and the trailing edge 
one fourth, of the distance from apex to base. Having thus rather arbitrarily 
assigned this order of depolarization to the model ventricles, we calculated the 
influence which the ventricles would exert at thirteen equal intervals of time upon 
both the precordial and esophageal electrodes shown in Fig. 2. 
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Fig. 1.—Lead field of a unipolar esophageal electrode, E, which is located halfway between the 
center and external surface of a homogeneous, spherical volume conductor. The curved lines in the 
figure are the streamlines of the lead field, plotted so as to divide the volume conductor into ten axially 
symmetric isoflow intervals. The influence of a uniform, axially symmetric electromotive surface upon 
the electrode is directly proportional to the number of isoflow intervals which the surface occupies. 
In the vicinity of the electrode this rule specializes into the solid-angle law of heart-lead relationships. 
Further discussion in the text. 


"PRECORD.” 


"Esopu.” 


Fig. 2.—A comparative analysis of the unipolar precordial and esophageal QRS complexes occurring 
at the respective electrodes, P and E, which are located as shown in a homogeneous, spherical model. 
The model ventricles are assumed to generate an electromotive surface consisting of innumerable, 
normally oriented dipoles which are uniformly distributed over various portions of the dome-shaped 
surface shown in the illustration. It is further assumed that this process begins at the apex of the dome 
and spreads at a uniform surface rate toward the base. When the leading edge of the process has trav- 
eled five eighths of the distance toward the base, a ‘‘hole’’ develops at the apex. The trailing edge thus 
formed travels toward the base at the same rate as the leading edge until the depolarization process is 
complete. At the instant of depolarization shown in the illustration (stippled area) the leading edge has 
moved seven eighths, and the trailing edge one fourth, of the surface distance from apex to base. Atten- 
tion is called to the fact that the amplitude of the esophageal complex is only about half again as great 
as the amplitude of the precordial complex. Further discussion in the text. 
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The illustration shows a striking, although somewhat superficial resemblance 
between the QRS complexes occurring at the two electrode locations. More 
importantly, the peak-to-peak amplitude of the esophageal complex is only 56 
per cent greater than that of the precordial complex despite the fact that the 
esophageal electrode is in considerable proximity to the model ventricles. This 
relatively minor augmentation of QRS amplitude by the esophageal registration 
procedure proved to be fairly independent of the order of depolarization which 
we chose, and it is rather clearly in accord with common clinical observations. 


This behavior of the model stems largely from the fact that in the strictest 
sense of the word the esophageal electrode is a proximity lead only in relation 
to electromotive surfaces or ‘‘holes’’ which occupy the apical portion of the dome. 
Therefore, at the beginning of depolarization the esophageal potential rises 
approximately four times as rapidly as the precordial potential. However, as 
the rim of the electromotive surface recedes from the esophageal electrode, the 
electrical center of the heart also recedes, with a resultant lessening of the prox- 
imity effect. A somewhat different and more rigorous way of stating the same 
thing is that, for regions increasingly to the right of the esophageal electrode in 
Fig. 2, the differences between the esophageal and precordial* lead fields become 
progressively less marked. This tendency of the two different lead-field configura- 
tions to approximate each other and thus lessen the differences between the eso- 
phageal and precordial QRS amplitude is a property owing fundamentally to the 
spherical boundary of the volume conductor. Were it not for the boundary 
surface of the model, the peak-to-peak amplitude of the esophageal QRS complex 
would be 3.5 times that of the precordial QRS complex rather than the 1.56 ratio 


shown in Fig. 2. 


HEART-LEAD RELATIONSHIPS PERTAINING TO ATRIAL DEPOLARIZATION 


Probably the most important difference between atrial and ventricular 
depolarization lies in the time-course of the process. The idealized representa- 
tion employed in analyzing the inscription of QRS complexes has been treated 
in some detail in the preceding section. In analyzing P-wave inscription we ideal- 
ize the atria into a thin spherical shell with the portion opposite the sinoatrial 
node truncated (cf. Fig. 7). The normal excitatory impulse is assumed to spread 
at a uniform rate in all directions from the pacemaker. Thus, the excitatory 
impulse from instant to instant progressively occupies a series of coaxial circles 
on the surface of the atria. It is further assumed that the electromotive vector 
representing a small segment of the impulse front is tangential to the atrial sur- 
face. 

A strict mathematical analysis, similar to that employed in the case of ven- 
tricular depolarization, was initially attempted but finally abandoned because 
certain highly pertinent equations appeared in a series form which failed to con- 
verge adequately for calculations involving juxta-atrial regions. Therefore, we 
adopted the use of a physical model which provided the desired information in 


*An illustration of the precordial lead field appears in an earlier publication from our laboratory.® 
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descriptive form. As will be seen later a semirigorous mathematical approach 
did prove useful in considering atrial regions which are relatively close to the 
esophageal electrode. 

A Lucite ring was prepared which had an external diameter of 3 inches, an 
internal diameter of 2 5/8 inches, and a thickness of 3/16 inch. Aluminum foil 
was cemented to each side of the ring and trimmed to size, thus forming a double 
ring electrode. One half of this assembly was immersed perpendicularly into 
414 inches of previously boiled tap water (specific resistivity = 6,500 ohm- 
centimeters) contained in a rectangular tank having cross-sectional dimensions 
of 8 by 10 inches. The ring electrodes were energized with 2.8 milliamperes of 
alternating current at a frequency of 1,100 cycles per second, and a family of 
surface isopotentials was mapped out essentially after the manner of Frank and 
Kay.® The results of one such procedure are illustrated in Fig. 3. 


Fig. 3.—Electrical field produced at the height of depolarization by a model atrium (stippled ring) 
immersed in an electrolytic tank. The field was actually generated by a double ring electrode which is 
described in the text. The curved lines represent isopotential surfaces plotted in intervals of equal 
potential difference. The curved arrows indicate that the electrical field shown here represents only one 
instant of a continuing process. The most important feature of the field is its strong gradient in the 
vicinity of the generating electrodes. As explained further in the text, this feature helps to account for 
the relatively large amplitude of atrial complexes recorded by esophageal leads. 


The purpose of the experiment was to duplicate in idealized form the atrial 
impulse at the instant of its greatest electrical moment. The most important 
feature of the electrical field illustrated in Fig. 3 is the very intense gradient which 
occurs in the regions just lateral to the double ring electrode as compared to the 
relatively weak gradient around the periphery of the tank. Picturing the con- 
ditions shown in the illustration as only a single representative instant in a con- 
tinuing process, it is apparent that a recording electrode situated just lateral 
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to the double ring electrode would sense a change in potential considerably in 
excess of the maximum potential difference between any two points located on 
the periphery of the tank. 

In terms of clinical experience these properties of the electrical field show 
why the amplitude of P waves recorded intraesophageally at atrial transition 
tends to be several times larger than that of P waves which are recorded by body 
surface leads. It is also not especially difficult to picture why the unipolar eso- 
phageal P wave at the level of atrial transition rises rather rapidly, then falls 
very sharply, and finally terminates in a negative deflection which is rather 
symmetric with respect to the initial positive deflection. 

This purely descriptive approach to the genesis of esophageal atrial impulses 
can be supplemented by applying the lead-vector principle as shown in Fig. 4. 
The crescent-shaped object in the figure represents a narrow lune cut from the 


Fig. 4.—An analysis of some of the proximity effects which are involved in the registration of atrial 
depolarization by a unipolar esophageal electrode, E. The crescent-shaped object is a lune cut from a 
model atrium. A pair of arrows is shown originating at each of five representative points on the surface 
of the lune. Those arrows which are directed toward E represent the lead vector at each of the points, 
whereas the tangentially oriented arrows represent the respective heart vectors. The contribution of 
the lune to the recorded atrial compiex (shown in the upper right of the figure) is determined by forming 
the scalar products of the various vector pairs. Because of the inherent properties of scalar multiplica- 
tion the recorded potential drops to zero as depolarization approaches the point nearest the electrode, 
and then swings negative thereafter. 


model atria. The arrows directed toward the unipolar esophageal electrode, E, 
are the lead vectors at a number of representative locations on the lune; the tan- 
gentially oriented arrows are the heart vectors for the elements of surface at each 
of the various locations. The contribution of the lune to the electrocardiogram 
is determined by forming the scalar product of many such pairs of heart and lead 
vectors. As indicated in the figure the contribution of the lune follows essentially 


a 
i 7 
be 
> 
— 
7 


10 BRODY AND COPELAND 


the same pattern which was predicted by the purely descriptive approach. This 
is due in part to the fact that we selected for analysis that portion of the atria 
which contributes most heavily to the esophageal electrocardiogram. Referring 
again to Fig. 4, it is more or less evident how translocation of the sensing electrode 
up or down on a vertical line would produce alterations of the atrial complex 
similar to those produced by the same maneuver in clinical practice. 


SOME SPECIAL PROPERTIES OF THE BIPOLAR ESOPHAGEAL LEAD 


In bipolar esophageal electrocardiography two sensing electrodes of fixed 
separation are introduced into the juxtacardiac portion of the esophageal lumen,’ 
and the potential difference between the two electrodes is recorded. In our studies 
thus far we have employed an interelectrode distance of 2 cm. The polarity of 
the connections is such that when the proximal electrode is more positive than 
the negative, an upward electrocardiographic deflection is produced. As indi- 
cated earlier in this report, analysis of the heart-lead relationships pertaining 
to the bipolar electrode consists essentially of combining the separate properties 
of a given positive and negative unipolar lead. However, we have discovered 
that the bipolar lead exhibits certain special properties which are meritorious 
enough to warrant a more specific type of interpretation. 

The general principles of bipolar atrial registration are illustrated in Fig. 5. 
In this figure the axis of the bipolar electrodes, E, and Ea, lies vertically in the 
plane of the paper. The sinoatrial node, SA, lies on a great circle which makes an 
angle of 45 degrees with the plane of the paper and intersects the latter along the 
horizontal axis of the figure. Bipolar lead vectors are shown at two representa- 
tive points along the stimulus pathway which passes closest to the mid-point 
of the bipolar electrode assembly. As can be seen, the lead vector at this near- 
point has the greatest magnitude of all lead vectors along the pathway, and is 
tangentially oriented. The other lead vector, which is plotted for a point 30 
degrees away from the position of maximum, is decidedly shorter (about one 
fifth of the maximum lead-vector magnitude) and tends to be normal to the path 
of excitation. 

From studies such as this we conclude that the bipolar electrode is highly 
insensitive to a given atrial impulse until it has just passed under one member 
of the electrode pair. A state of high local sensitivity then becomes manifest, 
and persists until the impulse closely approaches the second electrode. These 
conclusions are apparently confirmed by the clinical observation in bipolar 
tracings that (1) the main deflection of the atrial complex is much greater than 
the rather minor undulations which precede and follow it, (2) that its duration 
is quite brief, and (3) that the interval from its onset to the onset of QRS is 
significantly shorter than the P-R interval of body surface and unipolar esopha- 
geal leads. 

In our clinical experience with bipolar esophageal electrocardiography we 
were generally able to obtain transitional atrial complexes (areas above and below 
the base line essentially equal to each other) of relatively low amplitude. The 
level at which this occurred was a rather critical one which, on roentgenographic 
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correlation, was found to lie slightly above the anatomic center of the atrial mass. 
We observed further in recording from this level and its immediate vicinity that 
the atrial complexes were critically and vividly sensitive to alterations in the 
time-course of depolarization such as were produced by the occurrence of ectopic 
and retrograde atrial beats. In contrast, the unipolar atrial tracings tended to 
show only slight to moderate changes on such occasions. 

Our explanation for the exceptional sensitivity of the bipolar lead under these 
circumstances is given in Fig. 6. Panel II of the figure illustrates the conditions 
which are responsible for the genesis of the transitional bipolar complex. In 
this panel the atrial impulse approaches both members of the electrode pair 
simultaneously, and therefore produces little or no potential difference between 
them. In Panel I the path of atrial depolarization is slightly altered in the manner 
shown, producing a positive main deflection of appreciable amplitude. Panel 
III illustrates a situation opposite to that of Panel I. Thus, it is seen that vir- 
tually any alteration of the conditions depicted in Panel II, except for exact 
reversal of the impulse front, can probably be detected in the bipolar lead. Ref- 
erence to Figs. 3 and 4 indicates why the unipolar lead may be decidely less sensi- 
tive in this respect. 

When the bipolar esophageal electrode is located a short distance above the 
level of atrial transition, it posesses the unique property of virtually cancelling 
the QRS potential without seriously minimizing the amplitude of atrial complexes. 


Fig. 5.—Application of lead-vector theory to the bipolar esophageal registration of atrial depolari- 
zation. The atria are schematized as a spherical shell located near the proximal (E,) and distal (Eq) 
members of an esophageal electrode pair. The polarity is such that an upward electrocardiographic 
deflection occurs when E, is positive with respect to E;. The large, vertically directed arrow represents 
the bipolar lead vector at the point which is closest to the mid-point of the electrode pair. The other, 
smaller lead vector is that which occurs on a great circular pathway 30 degrees away from the near- 
point. Under the conditions depicted in the illustration an atrial impulse arising at the sinoatrial node 
produces little electrocardiographic deflection until it approaches the near-point quite closely, following 
which it produces a large positive deflection of relatively short duration. In contrast to the unipolar 
esophageal lead the greatest deflection occurs when the impulse arrives at the near-point (cf. Fig. 4), 
indicating that the bipolar lead is more truly a proximity lead than the unipolar lead. Further discus- 
sion in the text. 
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In addition, the particular level involved is close enough to the position of atrial 
transition to retain much of the special sensitivity to alterations in the time- 
course of atrial depolarization. This combination of circumstances has proved 
most useful in analyzing disorders of mechanism in which atrial and ventricular 
impulses tend to be concurrent. In such situations we have invariably found it 
a simple matter to sort the atrial and ventricular complexes from each other. 
Furthermore, we have usually found that it requires little effort to determine 
whether the atrial wave is of normal, ectopic, or retrograde origin. 

The reason for this particularly valuable property of the bipolar technique 
is illustrated in Fig. 7. The influence of the bipolar electrode assembly on the 
atrial region which is closest to the mid-point of the assembly is indicated by the 
lead vector, Lyx; the electromotive activity of this region is represented by the 
heart vector, H,. Forming the scalar product of these two vectors indicates 
that the particular region of the atria under consideration will produce a sizable 
negative deflection. On the other hand, the two solid angles, 2, and Qa, which 
subtend the total ventricular mass are very nearly equal to each other. This 
means that even if the entire ventricular mass were in a state of activation, it 
would exert relatively little influence on the bipolar lead. Similar constructions 
for more limited areas of ventricular activation show a similar type of bipolar 
lead insensitivity. 


THE ROLE OF PHASE-INHOMOGENEITIES IN ESOPHAGEAL ELECTROCARDIOGRAPHY 


According to Schwan and associates,® all soft tissue of the body except fat 
has approximately the same specific electrical resistance (roughly 1,000 ohm- 
centimeters), and the value for blood is approximately 100 ohm-centimeters. 
On the basis of these values the body can be treated as an essentially homogeneous 
volume conductor except for blood, the presence of which in the cavities of the 
heart constitutes the most important phase-inhomogeneity of the body. We 
have not been able to develop a rigorous approach in applying these resistivity 
values to the problem of esophageal electrocardiography, but some conclusions 
based on descriptive techniques are worth reporting here. 

A sphere 214 inches in diameter was coated with aluminum foil and located 
gentrally within the previously described double ring electrode. One half of 
this modified assembly was again immersed in the tank of tap water, and a family 
of isopotential curves was mapped out (Fig. 8). The double ring electrode again 
represented the atrial impulse at its height, and the conducting sphere repre- 
sented the short-circuiting effect of the intra-atrial blood mass. Comparison of 
Fig. 8 with Fig. 3 shows that the presence of blood in the atrial cavity does not 
greatly affect the electrical gradient in juxta-atrial regions, but it does reduce the 
gradient around the periphery of the tank by at least one half. It is likely that 
if the intraventricular blood mass had also been represented, the potentials at 
the periphery of the tank would have been further reduced. 

These results are more or less in accord with a previous theoretical study® 
which predicts that the electrical image of a current dipole located near and tan- 
gentially to a highly conductive sphere should produce considerable attenuation 
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Fig. 6.—In Panel II of this illustration the bipolar electrode pair (E, and E,) is located at the 
level of atrial transition. Accordingly, the arriving impulse front affects both electrodes almost equally 
and therefore produces relatively little potential difference between them. In Panels I and III the direc- 
tion of atrial impulse propagation has been slightly altered, producing rather striking alterations in the 
recorded atrial complexes. This figure indicates why bipolar esophageal registration at the level of 
atria] transition is exceptionally sensitive to virtually any variation in the time-course of atrial depolari- 
zation. 


Fig. 7.— Explanation in schematic form of another uniquely valuable property of bipolar esophageal 
electrocardiography. The bipolar electrode pair (E, and E,) is located as shown in relation to the atria 
(stippled area) and ventricles (crosshatched area). As is evident from a consideration of the lead vector 
(Lae) and the atrial heart vector (H,), the P wave is recorded as a relatively large negative deflection. 
On the other hand, because the solid angles (Q, and Q,) subtended by the ventricles are so nearly equal, 
relatively little ventricular potential is sensed by the electrode pair. The properties illustrated here 
are fundamentally responsible for the ease with which the bipolar esophageal lead can be used to de- 
termine the timing and direction of atrial activation under circumstances in which such information 
would ordinarily be masked by ventricular depolarization. 
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of potential in remote regions, and relatively little attenuation in the immediate 
vicinity of the dipole. This principle, as exemplified by Fig. 8, illustrates an 
additional factor which we believe contributes to the relatively large amplitude 
of esophageal P waves. 


Fig. 8.— Model illustrating the effect of the intra-atrial blood mass on the genesis and registration 
of P waves. Shown is an electrical field which was plotted under exactly the same conditions as those 
depicted in Fig. 3, except that a highly conductive sphere (crosshatched area) has been introduced to 
represent the short-circuiting effect of intracavitary blood. Attention is called to the fact that the pres- 
ence of the conductive sphere produces relatively little attenuation of the field in the vicinity of the dou- 
ble ring electrode as compared to the periphery of the tank. This effect, together with the relationships 
shown in Fig. 3, indicates why P waves tend to be considerably amplified in esophageal leads as compared 
to body surface leads. 


The effect of the intraventricular blood mass on the QRS complex is less 
certain. In the previous theoretical study® it was predicted on the basis of some 
rather simple idealizations that the intracavitary blood should augment the 
potentials produced by ventricular activation, and that it should cause the net 
effect of the activation process to be more centrally disposed. The latter con- 
clusion is in accord with Frank’s idea that intraventricular blood “‘pulls together”’ 
the electrical forces of the heart.'!® On the basis of our knowledge of the elec- 
trical images produced within spherical inhomogeneities it appears reasonably 
safe to assume in esophageal electrocardiography that ventricular depolarization 
forces are thus “‘centralized’’ when the intracavitary blood mass is represented 
as a sphere. Somewhat the same principle probably also applies in the case of 
irregularly shaped cardiac cavities, but the evidence in favor of this conclusion 
is not well established. 


In another study" we discovered that surprisingly good mirror patterns of 
esophageal QRS complexes can occur on the body surface. Thus far, model studies 
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of the type exemplified by Fig. 2 cannot be made to account entirely for the good 
correspondence between esophageal and body surface complexes. The principle 
of centralization of ventricular forces by the intracavitary blood mass does aid 
in formulating a suitable explanation, although it is possible that other, hitherto 
unrecognized factors are involved also. 


DISCUSSION 


Since a study such as that reported here requires a number of schematiza- 
tions and idealizations, it follows that the validity of the results depends upon 
the excellence of the approximations employed. Therefore, we are obliged to 
review as critically as possible the accuracy of our fundamental assumptions. 

The validity of lead-field and lead-vector theory has had extensive treat- 
ment in the electrocardiographic literature, and will not be reconsidered here. 
Also, the weak aspects of our approach to the phase-inhomogeneity problem have 
already been stressed and will not be discussed further. 

Our schematizations of myocardial activation conform in principle with 
the presently available knowledge of the process, and thus appear to be an 
adequate basis for our developments. Ventricular activation is undoubtedly 
of considerably greater geometrical complexity than our simple treatment of it 
indicates. Nevertheless, the principles derived from our simple schematization 
of the process probably apply with equal validity to electromotive surfaces of 
complicated form. 

The human body, of course, is not a spherical volume conductor. Never- 
theless, we chose to deal extensively with the spherical model because it permits 
the application of mathematically rigorous methods of analysis. However, in 
order to determine whether these results are clinically applicable, we compared 
lead fields of a human model with those obtained in the spherical model (Fig. 9). 
Our interpretation of this comparative study is that the principles derived from 
the simpler and conceptually more flexible model do possess genuine clinical 
significance. 

We have been gratified by the insight which the theoretical phase of our 
esophageal lead study has already introduced into the clinical phase of the pro- 
ject. In the particular area of bipolar esophageal electrocardiography we feel 
that we now have a reasonably clear appreciation of those special properties 
which could eventually lead to the general acceptance of such tracings as a val- 
uable adjunct to the more conventional type of esophageal electrocardiograms. 
In the field of unipolar registration we believe that we now have at least a clinically 
adequate understanding of why atrial impulses seem to exert a much stronger 
proximity effect than do the ventricular impulses. Although we have made no 
specific mention of it in this report, much of the material presented in this report 
can be applied rather directly to explain the properties of electrocardiograms 
which are recorded from the various cavities of the heart. 

In developing the heart-lead relationships of esophageal electrocardiography 
we have drawn freely from several sources—particularly Burger’s lead-vector 
theory,’ the lead-field principle of McFee and Johnston,!' Frank’s analysis of the 
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ventricular depolarization process,” and, finally, the schematization of atrial 
depolarization which is exemplified by Abildskov’s studies. Since we are aware 
of no simple or well-established concepts of atrial and ventricular repolarization, 
we did not include the genesis of T waves in our considerations. 


In undertaking this study we hoped to reduce the element of empiricism in 
esophageal electrocardiography through the application of basic principles, and 
to provide a scientific foundation for further clinical studies. Although we be- 
lieve that significant progress has been made in the attainment of our goal, it 
appears that further progress will depend upon continuing investigation of the 
problem in this and other laboratories. 


Fig. 9.—Lead field of an esophageal electrode located in the sagittal plane of a human torso model, 
using the Wilson central terminal as a return connection. The isopotentials (dashed lines) were mapped 
in the sagittal plane of the model by a standard technique.6 The streamlines (solid curves) of the lead 
field were mapped from the isopotential curves by the method of curvilinear squares. In a number of 
respects this model and its lead field may be treated as a transformation of the theoretical situations 
depicted in several of the preceding illustrations. Accordingly, this model indicates that the theoretically 
deduced heart-lead relationships of esophageal electrocardiography apply at least in principle to the 
actual clinical situation. 


SUMMARY 


Our recent experiences with unipolar and bipolar esophageal leads have 
impressed us with the need for developing and clarifying the heart-lead relation- 
ships which apply to that particular area of clinical electrocardiography. Ac- 
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cordingly, we undertook such a study in the light of modern concepts, and report 
here the fundamental principles which were found to underlie esophageal elec- 
trocardiography. 


Largely on the basis of the lead-field and lead-vector concepts, together 
with a consideration of effects produced by the intracardiac phase-inhomogeneity, 
this study offers a rational explanation of why P waves appear in greatly ampli- 
fied form in esophageal leads as compared to the relatively minor amplification 
of QRS complexes. 


The bipolar esophageal lead is shown to possess at least three unique proper- 
ties, the latter two of which have already proved to be of special clinical value: 
(1) In the registration of atrial depolarization it is more truly a proximity lead 
than the unipolar connection. (2) In recording from the level of atrial transition 
it is strikingly sensitive to even minor variations in the time-course of atrial 
depolarization. (3) It greatly facilitates determination of the timing and direc- 
tion of atrial activation in situations in which such information would ordinarily 
be obscured by the concomitant occurrence of ventricular depolarization. 


It is hoped that the theoretical principles developed here will eventually 
prove to be a reliable foundation for the clinical evaluation of present and future 
studies in esophageal electrocardiography. 


The authors are greatly indebted to Erskine H. Lowe, Jr., and Morris Frazier for invaluable 
technical assistance. 


Fig. 10.—The electrical image of a unipole, E, which is immersed in a homogeneous, spherical volume 
conductor of radius, R, at a distance, eR, from the center. The image consists of a point source and a 
uniform linear source, both occupying the radius vector which passes through E. The image point is 
located a distance, R/e, from the center; the linear portion of the image begins at the image point and 
extends indefinitely. Assuming that the unipole delivers one unit of electrical current to the medium, 
the image point delivers 1/e units, and the image line delivers 1/R units of current for each centimeter 
of itslength. The application to the present study of the principles illustrated in this figure is described 
in the appendix. 
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APPENDIX 


The lead field produced by causing one unit of electrical current to flow in a spherical, homo- 
geneous medium from an “esophageal” electrode to a generally indifferent electrode may be 
mapped according to the principles illustrated in Fig. 10. 

The esophageal electrode is located a distance, eR, from the center of the sperical medium, 
and by definition delivers one unit of current to the medium. The electrical image of E consists 
of a point source and a linear source of current. Both portions of the image occupy the radius 
vector which passes through E. The point image delivers 1/e units of current to the medium, and 
is located a distance of R/e from the center of the sphere. The linear source begins at the point 
source and extends indefinitely. It delivers 1/R unit of current to the medium for each unit of its 
length. 

Referring to the notations given in the figure, the amount of lead-field current passing through 
a coaxial circular rim which contains the point, P, is 


Electrode: 14(1 — cosé@) 
Point image: M%e(1 — cos) 
Linear image: (1 — cos@) p/2R. 


Using the above relationships, it is not excessively difficult to map out the lead field (see 
Fig. 1) as axially symmetric isoflow intervals. It is a relatively simple matter to employ the same 
equations in calculating the electrocardiographic potential produced by a given, uniform elec- 
tromotive surface whose rims are axially symmetric. Analysis of unsymmetric electromotive sur- 
faces requires subdivision of the lead field into relatively small tubes of influence. This is a 
procedure which we have not pursued extensively. 

Lead vectors may be calculated by applying the inverse square law to the esophageal elec- 
trode and its images. However, since most of our lead-vector constructions have dealt with prox- 
imity regions, we have usually disregarded the electrical images in performing such calculations. 
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The Esophageal Lead in the Diagnosis of Tachycardias With Aberrant 
Ventricular Conduction 


Ira L. Rubin, M.D., Benjamin Jagendorf, M.D., and Alan L. Goldberg, M.D. 
New York, N. Y. 


An aberrant ventricular complex combined with an obscure atrial complex 
in the electrocardiogram makes the differentiation of a supraventricular from 
a ventricular tachycardia a difficult problem. Although the esophageal lead has 
long been recognized as a method for making a more definitive diagnosis of a 
tachycardia, it has been a relatively neglected clinical tool. The purpose of this 
paper is to stress the use of the esophageal lead in the diagnosis of tachycardias 
with aberrant ventricular conduction. 

While clinical findings may suggest the type of tachycardia present, no 
single clinical observation can establish the diagnosis of a ventricular tachy- 
cardia.!-* Supraventricular tachycardias with aberrant ventricular conduction, 
such as sinus tachycardia, atrial and nodal tachycardia, atrial flutter, and atrial 
fibrillation, must be differentiated from ventricular tachycardias. Aberrant 
refers to ‘“‘varying or deviating from the normal in form, structure, or course.’’ 
For the purposes of this paper, the aberrant complex differs in contour from the 
usual ORS complex, and has a duration greater than 0.11 second in the limb leads 
and 0.12 second in the chest leads. Since the QRS complex of a ventricular tachy- 
cardia may be only slightly abnormal, the presence of slight to marked aberration 
in a tachycardia may raise a difficult diagnostic problem. 

In supraventricular rhythms an abnormal conduction through the ventricles 
may be due to many factors.*-?7 Lewis noted that interference with conduction 
in the branches of the A-V bundle during rapid heart action produced anomalous 
ventricular complexes.'® Functional fatigue may result in the abrupt or gradual 
appearance of aberrant ventricular complexes. Injury to the conduction 
system, electrolyte imbalance, digitalis, quinidine, or Pronestyl therapy may also 
lead to abnormal QRS complexes. With many factors contributing to the ap- 
pearance of ventricular complexes of unusual contour and duration, tachycardias 
of supraventricular origin with aberrant ventricular complexes resembling a 
ventricular tachycardia are not rare.*:!° 


From the Cardiovascular Service, Morrisania City Hospital (Dr. Julius Burstein, Director) and 
the Medical Service, Bronx Veterans Hospital, Bronx, N. Y. 
Received for publication May 28, 1958. 
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The electrocardiogram in a ventricular tachycardia usually shows abnormally 
wide and bizarre ventricular complexes; however, the QRS complex may be only 
slightly abnormal in ventricular tachycardias. While the QRS complex may be 
uniform in shape, it is common to find some variation in the ventricular complex. 


Right 
Parasternal 


Fig. 1.—Shows a tachycardia at a rate of 150 per minute, with aberrant ventricular condution and 
no demonstrable atrial activity in the standard and right parasternal leads. The esophageal lead (EA) 
clearly demonstrates a P wave before each QRS complex, showing the presence of a sinus tachycardia. 


Occasionally, the impulse from the sinoatrial node will come through, resulting 
in a normal ventricular complex.'! Previously noted isolated premature ventric- 
ular complexes of configuration similar to that seen in the tachycardia may be 
very suggestive of a ventricular tachycardia.* If the atrial complex appears 
clearly, slower and independent of the aberrant ventricular complex, the diagnosis 
of a ventricular tachycardia is established. If a clearly identifiable atrial wave 
precedes or follows the ventricular complex regularly, a supraventricular tachy- 
cardia is generally present. Cases have been reported in which these criteria are 
deficient. A ventricular tachycardia may show a constant relationship of the P 
wave to the QRS complex in the presence of retrograde conduction to the atria.!2:% 

Since a supraventricular tachycardia may have aberrant ventricular con- 
duction and a poorly defined P wave, every effort must be made to distinguish 
the atrial complex. However, it is not always easy to identify the P wave ina 
tachycardia, especially with rapid ventricular rates. When the ordinary electro- 
cardiographic leads fail to show a definable atrial complex, and the QRS complex 
is aberrant, studies with other electrocardiographic leads are necessary. A CR, 
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CRo, or CR; may be successful when the routine leads do not show the P waves. 
Prominent P waves may be demonstrated by using the right arm lead in the right 
second intercostal space, and the left arm lead in the right fourth intercostal space, 
with the electrocardiograph on Lead I. Carotid pressure may indicate the 
nature of the tachycardia by breaking a supraventricular tachycardia or slowing 
the ventricular rate in atrial flutter. The esophageal lead should be tried when 
these methods fail to define the atrial complex clearly. Rarely will the P waves 
of the esophageal lead be less prominent than those of the precordial leads." 


Fig. 2.—Shows a regular tachycardia with a ventricular rate of 176 per minute, with aberrant 
ventricular conduction, and without demonstrable atrial activity. The esophageal lead (EA) demon- 
strates an inverted P wave before each QRS, confirming the diagnosis of atrial tachycardia. 


There are a number of papers describing the technique and interpretation of 
the esophageal lead.-'® Basically, all that is required is an electrocardiograph 
and an esophageal lead. The esophageal lead may be homemade if necessary." 
For analysis of a tachycardia the single-tip electrode is adequate. 

The following cases will illustrate the use of the esophageal lead to aid in the 
diagnosis of arrhythmias with aberrant ventricular conduction. A Cambridge 
photographic ‘“Simpli-Trol’ string galvanometer and Sanborn direct-writer 
were used. 


CASE REPORTS 


Case 1.—R. R., a 37-year-old, pregnant Puerto Rican woman, was admitted to the Morrisania 
City Hospital in moderate congestive heart failure due to heart disease of unknown etiology. 
The heart rate was 150 per minute. The electrocardiogram (Fig. 1) showed a regular tachycardia 
of 150 per minute, with prolongation of the QRS interval without clearly discernible P waves. 
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The esophageal lead showed a definite relationship between atrial and ventricular complexes, 
with normal atrial complexes, demonstrating that a sinus tachycardia was present with aberrant 
ventricular conduction. 


Case 2.—M. R., a 72-year-old white man, was admitted to the Morrisania City Hospital 
with palpitation and substernal discomfort of two weeks’ duration. There was a 10-year history of 
arteriosclerotic heart disease with frequent bouts of supraventricular tachycardia which had 
responded to quinidine. The standard electrocardiogram (Fig. 2) revealed a regular tachycardia 
of 176 per minute, with widened ventricular complexes. The esophageal lead showed sharply 
defined inverted P waves before each ventricular complex, indicating that an atrial tachycardia 
was present with bundle branch block. The patient did not respond to quinidine, but 2 days later 
after eyeball pressure, he reverted to regular sinus rhythm with left bundle branch block. 


II 


Right 
Parasternal 


Fig. 3.—Shows a regular tachycardia with a ventricular rate of 138 per minute, with aberrant 
ventricular conduction. Although atrial activity is not clearly demonstrable in Lead II, there is some 
suggestion of flutter waves. The esophageal lead demonstrates the presence of two flutter waves 
(F waves) to each QRS complex. 


Case 3.—H. K., a 64-year-old white man, was admitted to the Morrisania City Hospital 
in moderate congestive heart failure due to arteriosclerotic heart disease. The electrocardiogram 
(Fig. 3) showed a regular tachycardia of 138 per minute, with prolonged QRS interval. In Lead II 
the presence of flutter waves were suspected. The esophageal lead showed two regular, identically 
shaped waves, without an isoelectric P-P interval, to each ventricular complex. The rhythm 
was, therefore, a 2:1 atrial flutter with left bundle branch block. 


Case 4.—M. S., a 63-year-old white man, was admitted to the Morrisania City Hospital 
with a recent myocardial infarction. On the tenth hospital day, following a fall in blood pressure, 
the electrocardiogram (Fig. 4) revealed a slightly irregular tachycardia of 150 per minute, with 
prolonged QRS interval. The patient had previously shown a left bundle branch block. The 
patient had been on digitalis, and further digitalis therapy was considered. An esophageal lead 
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II 


Ill 


EA 


Fig. 4.—Shows a slightly irregular tachycardia with a ventricular rate of about 150 per minute, 
with aberrant ventricular conduction. No clearly demonstrable P waves are seen except for some 
undulation of the base line in Lead II. The esophageal lead (EA) shows the sharply defined f waves, 


irregular in size, shape, and time, characteristic of atrial fibrillation. 


Aurteular fibrillation 


Fig. 5.—The top strip shows conversion from atrial fibrillation to regular sinus rhythm. A return 
to atrial fibrillation is seen in the middle strip. The bottom strip shows a change in the rhythm to atrial 


flutter with a 2:1 block. 
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was used because a ventricular tachycardia with irregular ventricular rate could not be ruled 
out. The esophageal lead (Fig. 4, EA) revealed sharply defined f waves occurring irregularly 
and ventricular complexes of abnormal duration, diagnostic of atrial fibrillation with left bundle 
branch block. After 1.6 mg. of lanatoside C was given intravenously, the esophageal lead (Fig. 5, 
top tracing ) showed slowing of the ventricular rate, followed by a short run of regular sinus rhythm 
and reversion to atrial fibrillation (Fig. 5, middle tracing). Two hours after the administration 
of lanatoside C (Fig. 5, bottom tracing) the electrocardiogram showed a regular 2:1 atrial flutter 
with left bundle branch block. Subsequently, the rhythm reverted to atrial fibrillation with a 
ventricular rate of 120 per minute. 


II 


Right 
Parasternal 


EA 


Fig. 6.—Shows a regular tachycardia with slightly aberrant QRS complexes of 0.10 to 0.11 second’s 
duration, with a ventricular rate of 145 per minute. The esophageal lead (EA) shows complete atrial 
ventricular dissociation with an atrial rate of 120 per minute and a ventricular rate of 145 per minute. 
This demonstrates either a ventricular tachycardia or a bundle of His tachycardia. 


Case 5.—R. D., a 68-year-old Negro woman, was admitted to the Morrisania City Hospital 
in severe congestive heart failure due to arteriosclerotic heart disease. An electrocardiogram 
(Fig. 6) revealed a rapid heart rate of 145 per minute, with aberrant ventricular complexes ten- 
tatively diagnosed as a ventricular tachycardia. The esophageal lead (Fig. 6, EA) showed a 
complete auriculoventricular dissociation with an atrial rate of 120 per minute and a ventricular 
tachycardia. P waves were also seen in the right parasternal lead. 

Case 6.—L. R., a 64-year-old white man, was admitted to the Bronx Veterans Hospital 
in moderate congestive heart failure due to arteriosclerotic heart disease. Several days after 
admission he developed acute pulmonary edema and was noted to have a ventricular rate of 130 
per minute. This was thought to be a supraventricular tachycardia with left bundle branch 
block (Fig. 8), although an earlier tracing (Fig. 7) showed premature ventricular contractions of 
configuration similar to that noted in the tachycardia. Eighteen hours later, after treatment 
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with 0.8 mg. of lanatoside C, aminophylline, morphine, and oxygen, the tachycardia persisted 
despite the clearing of the pulmonary edema. An esophageal lead (Fig. 8, E35) demonstrated 
atrial complexes at a rate of 100 per minute, completely dissociated from the ventricular complexes 
with a rate of 130 per minute. After intravenous procaine amide the ventricular rate slowed 
to the atrial rate (Fig. 8, E35, 300 Pronestyl), superficially resembling a nodal tachycardia. Serial 
tracings showed a gradual dissociation of the atrial and ventricular complexes, proving that the ven- 
tricular tachycardia still persisted after 300 mg. of procaine amide. After the patient had received 
600 mg. of intravenous procaine amide (Fig. 8, E35, 600 Pronestyl), conversion to a regular 
sinus rhythm was noted, with each QRS complex preceded by a P wave. The inconstantly wide 
QRS complex may possibly be attributed either to procaine amide effect or to fatigue of the 
bundle following the tachycardia. 


ct 


AVR 


Fig. 7.—Shows a regular sinus rhythm, with a P-R interval of about 0.24 to 0.26 second. Note the 
premature contractions. 


DISCUSSION 


A prominent atrial complex can be shown by the use of the esophageal lead 
if the proper level for the lead is selected. The P wave varies with the atrial 
level during normal sinus rhythm. The highest atrial levels have a deep, negative 
P wave. The mid-atrial levels have a large diphasic P wave. The lowest atrial 
levels show a large positive P wave with a small or absent negative deflection. 
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Above the auricles the atrial complex appears as a simple monophasic, negative 
P wave. Caudad to the atria, a simple monophasic, upright P wave is seen.!” 


The P waves in the esophageal leads vary with the type of tachycardia. 
In a sinus tachycardia the P waves maintain the above-mentioned normal 
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Fig. 8.—The same patient as in Fig. 7, during a tachycardia. Note in section labeled 18 hours 
after onset of tachycardia the rapid ventricular rate of 130 per minute, without clearly demonstrable P 
waves. Note the resemblance of the ventricular complexes to the premature ventricular beats in Fig. 7. 
In the esophageal lead before procaine amide (labeled £35, No Pronesiyl) the clearly defined atrial 
complexes, at a rate of 100 per minute, are completely dissociated from the ventricular complexes 
having a rate of 130 per minute. After 300 mg. of Pronestyl the esophageal lead shows a P wave super- 
imposed on each QRS complex; the ventricular rate is now 100 per minute, identical to the auricular 
rate which remains at 100 per minute. Note that no atrial activity is seen in Lead I after 300 mg. of 
Pronestyl. After 600 mg. of procaine amide the rhythm is regular sinus with a ventricular and atrial 
rate of 95 per minute. Note also the variations in shape and duration of the QRS complexes. After 
600 mg. of procaine amide the P waves in Lead I are still not clearly identifiable. 
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characteristics. In atrial paroxysmal tachycardia, rapid, regular, identical P 
waves with isoelectric P-P intervals are seen. Usually the P waves of atrial 
tachycardia resemble the P waves of normal sinus rhythm, since the ectopic 
focus is most often at the cephalic end of the auricle.’* If the P wave is not fol- 
lowed by an isoelectric period, and the ectopic focus is at the caudal end of the 
atria, an atrial flutter is present. However, a fast rate will make the T, wave 
more conspicuous in atrial tachycardia and increase the undulations between 
the P waves, making it difficult to be sure an isoelectric P-P interval is present.!” 
In atrial fibrillation, sharp, slightly irregular fibrillary waves which do not re- 
turn to the base line are seen in the esophageal lead.’ The sphygmic interval 
in atrial fibrillation varies without regularity. In a ventricular tachycardia the 
P waves are normal in appearance but slower than, and unrelated to, the QRS 
complexes. 

In the electrocardiograms reported here the similarity between the standard 
leads in all the arrhythmias is noteworthy. All showed a prolonged QRS complex 
with delayed onset of the intrinsicoid deflection, and S-T and T-wave changes 
resembling left bundle branch block. In a few cases a suggestion of the basic 
rhythm can be seen from the standard leads. In all cases the nature of the 
arrhythmias is clearly discernible from the esophageal lead. In the sinus tachy- 
cardia, Case 1, the normal large positive P wave isseen. In the atrial tachycardia, 
Case 2, the sharply inverted P waves are seen at lower atrial levels. In atrial 
flutter, Case 3, the rapid F waves with undulating F-F intervals are demonstrated. 
In atrial fibrillation, Case 4, the irregular rapid f waves are clearly portrayed. 
In the ventricular tachycardia, Cases 5 and 6, the dissociation between the P 
and QRS complexes is clearly shown. Thus, the superficial resemblance between 
these arrhythmias is shown not be to true. The differentiation between them is 
relatively simple in the esophageal lead. 

Most tachycardias can be accurately diagnosed from the routine 12-lead 
electrocardiogram, and with the aid of the exploratory leads discussed above. 
The esophageal lead should be used in any case of tachycardia with aberrant 
ventricular complexes in which there is doubt as to the nature of the arrhythmias. 
The use of quinidine or procaine amide to slow or change the arrhythmia provides 
a diagnosis in retrospect only.'* The esophageal lead provides a simple, reliable 
method for identifying a tachycardia. A few patients will not be able to retain 
the tube long enough to permit tracings. In a few the presence of large esophageal 
peristaltic or respiratory excursions will prevent procurement of good records. 
The only absolute contraindications to the use of this technique are in esophageal 
varices or intrinsic esophageal disease. The esophageal lead should rarely be 
used in the presence of acute myocardial infarction. ‘ 


SUMMARY 
1. Ventricular tachycardias may be simulated by supraventricular tachy- 
cardias having aberrant conduction, if the atrial complex is not clearly defined. 


2. The esophageal lead has been shown to be a simple, reliable method for 
demonstrating the atrial complex and its relationship to the ventricular complex. 
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3. Cases of sinus tachycardia, atrial tachycardia, atrial flutter, atrial fibril- 


lation, and ventricular tachycardia have been presented showing the value of 
the esophageal lead in making a definitive diagnosis in the presence of aberrant 
ventricular conduction. 
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Configuration of Elastic Tissue of Aortic Media in Aortic Coarctation 
Donald Heath, M.D.,* and Jesse E. Edwards, M.D.,** Rochester, Minn. 


A relationship exists between the configuration of the elastic tissue (and the 
thickness) of the media of the pulmonary trunk, on the one hand, and the hemo- 
dynamic conditions in this vessel, on the other, in diseases associated with pul- 
monary stenosis, such as Fallot’s tetralogy.'. In those patients in whom the 
blood pressure and blood flow in the pulmonary artery are abnormally low, 
certain changes occur in the elastic tissue that might be ascribed to inactivity.! 
Temesvari and Fodor? considered that similar histologic changes occur in co- 
arctation of the aorta in the segment of the vessel distal to the constriction. 
Other authors* maintained that, while the thickness of the media of the aorta 
is increased above the coarctation and decreased below it, the elements of the 
tunica media are normal histologically. The purpose of this communication is 
to examine this controversy in the light of pathologic and physiologic data ob- 
tained in 9 cases of coarctation of the aorta in which either the whole, or a sub- 
stantial part, of the aorta was available from the necropsy for histologic study. 


METHODS AND MATERIAL 


Nine patients with coarctation of the aorta, including 6 males and 3 females ranging in age 
from 2 weeks to 31 years at the time of death, were studied. Control subjects were 10 patients whose 
ages ranged from 2 days to 72 years, and in whom necropsy showed no aortic disease.t Blood 
pressures in the radial and femoral arteries had been measured in 4 of the 6 patients with coarcta- 
tion who were beyond infancy (see Table 1). An associated widely patent ductus arteriosus was 
present in Cases 1, 4, and 5. Pulmonary hypertension was proved by cardiac catheterization in 
Case 4; in Case 5 an increased pulmonary arterial blood pressure was assumed from the large 
diameter (8 mm.) of the patent ductus and the existence of right ventricular hypertrophy. The 
patent ductus opened into the aorta proximal to the coarctation in Case 4, and distal to the coarc- 


tation in Case 5. < 
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In Cases 1, 2, 3, and 9 the segment of the aorta from theaortic valve to a point a few centi- 
meters below the coarctation was available for study. The entire length of the aorta and the 
common iliac arteries were available in Cases 4 through 8. Sections of the aorta were taken 
in all instances from a site 2 cm. above the aortic valve, and at sites proximal and distal to the 
coarctation. At the latter site the “jet lesion” was avoided. Additional sections were taken from 
the lumbar portion of the aorta and the common iliac arteries in Cases 4 through 8, and from the 
pulmonary trunk in Cases 4, 5, 7, and 9. 

In the controls, sections were taken from the systemic arteries at all sites just referred to, 
for qualitative comparison of the structural configuration. In each instance the sections were 
stained by the Lawson modification of the Weigert-Sheridan method, to demonstrate the elastic 
tissue. Duplicate sections stained in this manner were counterstained with van Gieson’s con- 
nective-tissue stain. 

The thickness of the media in the sections taken from sites proximal and distal to the coarcta- 
tion and in the lumbar part of the aorta and common iliac arteries was measured in the cases of 
coarctation of the aorta. 

The sections were examined histologically for structural changes in the elements of the media 
and, in particular, in the elastic tissue. 


RESULTS 


Thickness of Aortic Media.—The thickness of the aortic media proximal 
and distal to the coarctation is shown in Table I, together with the thickness of 
the media of the lumbar part of the aorta and the common iliac arteries in Cases 


4 through 8. 
Qualitative Changes in the Media.—Structural changes of pathologic signifi- 


cance were not found in the elastic tissue of the media distal to the coarctation, 
apart from slight thinning of the elastic fibrils in Case 4 (Fig. 1,¢ and 6). In 
all cases the characteristic configuration of the elastic tissue of the normal aorta 
was found, with numerous tightly packed elastic fibrils that were long, uniform, 
and parallel with one another (Fig. 1,a and 6). Some branching and anastomosis 
of elastic fibrils were noted, as in the normal aorta, but these features were not 
so common as in the elastica of the normal adult pulmonary trunk. Little frag- 
mentation of elastic fibrils was present. From histologic examination of sections 
taken at random in this series, it was impossible for an observer not informed as 
to the site from which the tissue had been obtained to say whether they had 
originated proximal or distal to the coarctation. 

A striking pattern of the elastic tissue of the media was noted in the common 
iliac arteries in the 4 cases of coarctation of the aorta in which these vessels had 
been examined (Fig. 1,c and d) and in all the control cases (Fig. 2,a, 6, and c). 
Progressive thickening and crenation of the internal elastic lamina, and thinning 
and fragmentation of the elastic fibrils of the media were present, as compared 
to sections from the lumbar part of the aorta (Figs. 1,6 and 2,d)._ Such structural 
alterations in the elastic tissue were found in sections taken immediately beyond 
the bifurcation of the aorta. Sections taken 10 cm. beyond the bifurcation showed 
virtual disappearance of elastic tissue from the media of the common iliac artery. 
Changes of this type in a 50-year-old man who did not have coarctation are shown 
in Fig. 2,a and 6. Structural changes of this nature are the characteristic histo- 
logic features of segments of arteries that lie between predominantly elastic 
conducting arteries, such as the aorta, and predominantly muscular arteries, 
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RF such as the femoral artery. Hence, the histologic appearances observed in the 


common iliac arteries in these cases of coarctation of the aorta are not abnormal 
but are the characteristic normal features of such transitional types of vessels. 


COMMENT 


eb. The present results in all but Cases 6 and 7 agree with those of previous 
: authors?* in showing that the media of the aorta is relatively thicker proximal 
to a coarctation than it is distal to it (Fig. 1,¢ and b). From the results in this 
F small series, the relative and absolute thicknesses of the media of the aorta proxi- 
A a mal and distal to the coarctation appear to be related to the mean blood pressure 
om at these sites. In Case 7, in which a change in the thickness of the media of the 

* aorta was absent, the aortic mean blood pressure across the coarctation decreased 
“ay only from 99 to 88 mm. Hg. On the other hand, in Case 9, in which the aorta 


pom Fig. 1.—Sections of arteries in coarctation of aorta stained to demonstrate elastic tissue by the 
, Lawson modification of the Weigert-Sheridan method. a, Case 9. Aorta proximal to coarctation. The 
thickness of the media is 1,200 microns. The configuration of the elastic tissue is that of normal aorta, 
with long, uniform, parallel fibrils (x 40). 6, Case 9. Aorta distal to coarctation. The thickness of 
the media is 820 microns, which is less than that of the media proximal to the coarctation (a). The 
configuration of the elastic tissue is that of normal aorta (X 40). c, Case 6. Common iliac artery. 
ie The internal elastic lamina is prominent, and the elastic tissue in the media is sparser than in the lumbar 
: part of the aorta. The individual elastic fibrils are fragmented but parallel and unbranched. The 
appearance is normal for this segment of the systemic arterial tree (x 110). d, Case 4. Common iliac 
artery, showing the same normal features for this vessel asin c. These features may be misinterpreted 
as inactivity-induced changes (X 110). 
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showed the more characteristic appearance of being relatively thin distal to the 
constriction (Fig. 1,¢ and 6), a substantial decrease in blood pressure (38 mm. 
Hg) was present across the coarctation. Relating the absolute thickness of the 
media of the aorta to the mean blood pressure in that vessel makes it clear that 
in Case 8 the reason for the normal thickness of the media distal to the coarcta- 
tion is the fact that the mean blood pressure at this distal site was 105 mm. 
Hg. In more typical cases, with absolute thinning of the postcoarctation seg- 
ment of the aorta, the mean blood pressure at this site was much less, as in Case 
4 (61 mm. Hg). 

Abnormal structural changes in the elastic tissue were absent in this series. 
The gradual thickening of the internal elastic lamina and the diminution in the 
amount of elastic fibrils in the body of the media that characterize the transition 
from an elastic conducting artery to a muscular artery (Figs. 1,c, d and 2,a, b, c) 


Fig. 2.—Sections of arteries from control patients stained by the Lawson modification of the 
Weigert-Sheridan method and counterstained with van Gieson's stain. a, Common iliac artery 5 cm. 
beyond bifurcation of aorta from a 50-year-old man. The elastic fibrils are fragmented, thinner, and 
sparser than in the lumbar aorta. The internal elastic lamina is thick (X 50). 6, Common iliac artery 
10 cm. beyond bifurcation of aorta from same control. There is virtual absence of elastic fibrils from 
the media of the artery. Theinternal elastic lamina is thick (x 50). c, Common iliac artery immediately 
beyond bifurcation of aorta in a 4%-year-old boy. The elastic fibrils are sparser and thinner than in 
the lumbar aorta. Some zones are devoid of elastic fibrils. The internal elastic lamina is prominent 
(< 50). d, Lumbar part of aorta from same control asin a and 6. The long, uniform elastic fibrils are 
tightly packed and parallel to one another. The appearance is normal. The internal elastic lamina is 
not unduly prominent (X 50). 
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are consic.ered normal. The changes considered by Temesvari and Fodor as 
being induced by inactivity were described by them as occurring immediately 
below the coarctation and at the level of the bifurcation of the aorta. It is con- 
ceivable that the changes they noted at the former site are those produced by 
trauma, including ‘‘jet lesions,’’ and that the changes they described at the latter 
site (their Fig. 4) are the normal histologic features seen in the elastica in the 
transition of elastic conducting arteries to muscular arteries (Fig. 2). 


Fig. 3.—Sections of arteries in coarctation of aorta stained by the Lawson modification of the 
Weigert-Sheridan method. a, Case 4. Pulmonary trunk. An aortic type of configuration of elastic 
tissue is maintained. The pulmonary arterial mean blood pressure in this patient, who had a widely 
patent ductus arteriosus, was 57 mm. Hg. The mean blood pressure distal to the coarctation of the 
aorta was virtually identical (61 mm. Hg), leading one to expect that the aortic configuration of elastic 
tissue would be maintained at this site also (X 40). 0, Case 9. Pulmonary trunk, showing normal 
adult pulmonary configuration of elastic tissue. The individual elastic fibrils are fragmented and 
branched, many of them showing clublike terminal expansions. This patient did not have septal defects, 
and the evidence suggests that the pulmonary arterial blood pressure was normal (xX 40). 


It appears that the high level of mean blood pressure in the aorta distal to 
the coarctation in the present cases explains the paucity of pathologic changes 
in this segment of the aorta analogous to the inactivity-induced changes seen 
in the elastica of the pulmonary trunk in Fallot’s tetralogy with an abnormally 
low pulmonary arterial mean blood pressure.! Temesvari and Fodor pointed 
out that the blood pressure in the segment of the artery distal to the constriction 
is low relative to blood pressure in the aorta proximal to the coarctation. How- 
ever, they failed to make it clear that in terms of absolute pressure, while the 
systolic pressure in the femoral artery is reduced or is within the range of pres- 
sures encountered in normal persons, the diastolic pressure is, in most instances, 
above the normal range.‘ Hence, in terms of the effect of absolute blood pressure 
on large elastic arteries, the mean pressure exerted on the aorta distal to the co- 
arctation was still high in all 4 cases in the present series in which arterial pres- 
sure studies had been carried out in life. In fact, comparable levels of mean blood 
pressure in the pulmonary trunk in cases of large ventricular septal defect and 
widely patent ductus arteriosus associated with pulmonary hypertension from 
birth, as in Case 4, affect the media of the pulmonary trunk in such a manner as 
to prevent the transition of the normal fetal pattern of the elastica, which re- 
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sembles that of the aorta (Fig. 3,a), to the normal adult pulmonary configuration 
(Fig. 3,6). If a given level of blood pressure is able to maintain the fetal aortic- 
like configuration of the elastic tissue of the pulmonary trunk and to overcome 
the natural tendency of the elastica of that vessel to undergo a transition away 
from that pattern, it would be expected that the same level of mean _ blood 
pressure would at least maintain in the adult aorta this same configuration of 
elastic tissue, which is native to it both in fetal and adult life. 

The results of this investigation show that the presence of a constriction in 
the aorta in the form of a coarctation, as in the pulmonary trunk! in the form of a 
stenotic pulmonary valve, does not imply that a fixed configuration of elastic 
tissue, induced by inactivity, is present distal to the constricted segment. Rather, 
the configuration of elastic tissue in the poststenotic segment of the artery is 
determined by the absolute levels of blood pressure at that site. Hence, while 
the level of blood pressure in the segment of the aorta distal to the coarctation 
in the patients of the present study was sufficient to maintain the normal aortic 
configuration of elastic tissue in the media, it is possible that examples of this 
vascular anomaly might be associated with an unusually low mean blood pressure 
in the distal segment and thus develop inactivity-induced changes in the elastic 
tissue of the media. It should be pointed out, however, that such changes are 
not to be expected commonly, since the mean blood pressure in the aorta distal 
to a coarctation is usually within normal limits. 


SUMMARY 


In 9 cases of coarctation of the aorta, in 4 of which blood pressure in the 
radial and femoral arteries had been measured, sections of the aorta proximal 
and distal to the coarctation were examined histologically in search of changes 
in the elastic tissue that might be ascribed to inactivity. Sections of the common 
iliac arteries also were examined in 5 of these cases. Similar material was studied 
from 10 control human subjects. 

Structural changes that could be ascribed to inactivity were not found. It 
is concluded that, although the blood pressure in the aorta distal to the coarcta- 
tion was relatively decreased, the absolute levels of mean pressure present in 
this segment of the aorta in these patients were high enough to maintain the 
normal configuration of aortic elastic tissue. 


REFERENCES 


1. Heath, D., Wood, E. H., DuShane, J. W., and Edwards, J. E.: Unpublished data. 

2. Temesvari, A., and Fodor, I.: Ztschr. Kreislaufforsch. 45:161, 1956. ; 

3. Edwards, J. E.: Congenital Malformations of the Heart and Great Vessels. Jn Gould, 
S. E.: Pathology of the Heart, Springfield, Ill., 1953, Charles C Thomas, p. 454. 

4. Brown, G. E., Jr., Pollack, A. A., Clagett, O. T., and Wood, E. H.: Proc. Staff Meet. Mayo 
Clin. 23:129, 1948. 


| 
i 
4 
= 
prs 
4 
Ww 


Anomalous Left Coronary Artery Arising From the Pulmonary Artery 


William J. Kuzman, M.D., Anton S. Yuskis, M.D., and David B. Carmichael, 
M.D., San Diego, Calif. 


Anomalous left coronary artery arising from the pulmonary artery was first 
described by Abrikossoff,! in 1911. Bland, White and Garland? gave a classical 
clinical description of the paroxysmal attack in their paper. It was Soloff* who 
called attention to the clinical syndrome and stressed the fact that the diagnosis 
could be made ante mortem. Ejidlow and MacKenzie,‘ in 1946, made the first 
clinical diagnosis in a living patient, and since then others have also arrived at a 
proper ante-mortem diagnosis. 

The purpose of this paper is to present 3 cases seen by the authors within 
a period of 5 months. No attempt will be made to review the literature, since 
recent excellent reviews on the subject have been published by Kaunitz® and 
Jurishica.* The various clinical, electrocardiographic, and radiologic aspects 
will be discussed in some detail, since we were able to arrive at a proper clinical 
diagnosis in each instance. Autopsy confirmation was obtained in all 3 cases. 
One patient underwent surgery in an attempt to correct the anatomic defect; 
however, the infant died before the operation could be completed. This case 
will be discussed more completely in light of the recent advances in cardiovascular 
surgery. 


CASE REPORTS 


Case 1.—M. C., a 2-month-old male infant, was admitted to Mercy Hospital on October 28, 
1957, chiefly as a feeding problem and with a history of dyspnea, wheezy respirations, and abdom- 
inal colic of 2 weeks’ duration. The pregnancy of the mother and the delivery had been normal. 
The infant's birth weight was 7 pounds and 13 ounces. At 6 weeks he weighed 9 pounds and 10% 
ounces and measured 221% inches. 

The infant was asymptomatic except when feeding or on exertion, at which times he would 
scream as if having severe colicky pain, develop wheezy respirations, become pale, and perspire 
profusely. On two occasions during feeding, the mother noted cyanosis of the face, lips, and fingers. 
These episodes lasted about 3 minutes and left the infant limp and exhausted. 

Physical examination revealed a well-nourished, normal-appearing white male infant. There 
was no cyanosis, the temperature was normal, the heart rate was 160 per minute, and the respira- 
tions were grunting in character. The heart (Fig. 1) was markedly enlarged, with the area of 
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cardiac dullness extending to the midaxillary line. All heart sounds were present and clear, and no 
murmurs were heard. The lungs were clear. The liver and spleen were not palpable, and there 
was no peripheral edema. Arterial pulsations were readily palpable. The blood and urine were 
normal. 

The electrocardiogram (Fig. 2) was abnormal. There were wide Q waves in Leads I, aV1, 
V;, and V., and the T waves in these leads were sharply inverted. These changes were consistent 
with an anterolateral myocardial infarct. 

On October 30, the liver became palpable, and the infant was digitalized, producing some 
improvement. The following day the infant had a severe episode of distress with pallor and pers- 
piration. He became limp, and expired shortly thereafter. The diagnosis of an aberrant left 
coronary artery originating from the pulmonary artery was made by the attending physician 
who witnessed the attack. 

Postmortem Examination.—The body weighed 4,170 grams and measured 39 centimeters. 
The pertinent findings are as follows: the heart was markedly enlarged and weighed 75 grams. 
Grossly (Fig. 3), the left ventricle was markedly dilated, thin, dark red in color, and very soft 
in consistency. The origin of the right coronary artery was normal, but the left coronary artery 
(Fig. 4) originated from the pulmonary artery. Microscopic sections of the left ventricular wall 
showed hypertrophy of the muscle fibers with associated fibrosis. There were areas of degeneration 
with loss of striations and nuclei. In the center of one of the degenerative areas (Fig. 5) there was 
a large amount of calcification. 


Fig. 1.—Case 1. Posteroanterior view of the chest, demonstrating marked cardiac enlargement 
involving predominantly the area of the left ventricle. Lung fields appear essentially normal. 


Case 2.—W. J. S., an 8-week-old Negro male infant, who was born at the San Diego County 
General Hospital on Sept. 3, 1957, had a birth weight of 6 pounds and 13 ounces. No difficulty 
was noted to be present at the time of birth. There was no maternal history of rubella or unex- 
plained viral infections, and the delivery was normal. When the child was approximately 4 weeks 
old, he was returned to the aforementioned hospital because the mother noted some difficulty in his 
breathing. An examination was carried out in the outpatient department and the mother was 
notified that the child had a “touch of bronchial asthma."’ The child did relatively well until 
October 15, when the mother stated that on the previous evening extreme distress had developed, 
with rapid breathing, crying, and a wheezy type of respiration. During each attack, and these 
were numerous, the child would develop diffuse perspiration, draw his legs up as if in extreme dis- 
tress, and appear as if about to die. The mother also related that the attacks appeared to occur 
following attempts at feeding. The initial clinical impression was that the child probably had 
aspirated a foreign body or had an anomalous vascular ring, and therefore he was referred to a 
bronchoscopist for further definitive study. At the time the patient was seen by the bronchos- 
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Fig. 2.—Case 1. Standard 12-lead electrocardiogram showing significant Q waves in Leads I, aVj,, 
Vs, and Vs, with coronary type T-wave changes. 
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copist, respiratory distress was absent. Bronchoscopy was cancelled, but chest x-rays demon- 
strated marked cardiac enlargement, and the child was referred to Children’s Hospital for cardiac 
evaluation. 

A complete history was taken and physical examination made, and the mother reaffirmed 
her description of the previously noted attacks. There was no history of frequent upper respira- 
tory infections or cough. Fever, cyanosis, and convulsions were absent. The remainder of the 
history was completely negative. 


PULMONIC ARTERY 
(pin in oot onary 
AORTIC VALVE WITH sry 
CORONARY OSTIUM 


Fig. 3.—Case 1. Photograph of postmortem specimen with visualization of single coronary ostium 
arising from right aortic sinus. Markedly hypertrophied left ventricle is also shown. 


IN 
PULMONIC ARTERY 


ANOMALOUS CORONAR 


Fig. 4.—Case 1. Postmortem photograph showing the anomalous left coronary artery arising from the 
main pulmonary artery. 
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Physical examination revealed a Negro male infant, who weighed 7 pounds and 13 ounces 
and measured 21 inches in length. The child had just finished eating and had a very rapid re- 
spiratory rate, between 90 and 100. No gross deformities were noted. Arterial or venous pulsa- 
tions were not visible in the neck. Positive findings were limited to the heart and lungs. The heart 
appeared to be enlarged to the left on percussion; however, no definite point of maximal impulse 
could be determined. There were no thrills, closure taps, or lifts palpable. The heart tones were 
readily heard at all valve areas, and a marked tachycardia was present at approximately 170 
beats per minute. A» was equal to P2, and no murmurs could be heard at any valve area. The 
peripheral pulses were intact and readily palpable. There was noapparent inequality between 
the pulses in the upper and lower extremities. Blood pressures were not obtained. 


Fig. 5.—Case 1. Microscopic section of the left ventricular wall with hypertrophy and associated 
fibrosis. Significant calcification is present in the center of the degenerated area. 


Examination showed the chest to be symmetrical. There was no apparent lag. The respira- 
tion was irregular, between 90 and 100 per minute, and loud inspiratory and expiratory wheezing 
of a sonorous and sibilant character was present. The breath sounds were diminished in the left 
posterior chest, in contrast to those in the right chest. There appeared to be no fine, moist rales 
compatible with frank congestive failure. Findings in the remainder of the physical examination 
were completely normal. 


An electrocardiogram (Fig. 6) was obtained on October 16, and demonstrated deep Q waves 
with sharply inverted T waves in Leads I, aVt, and the left precordial leads. These were inter- 
preted as being consistent with probable left ventricular hypertrophy with associated myocardial 
ischemic changes, which, when the age of the patient was considered, were most consistent with 
an aberrant left coronary artery. 


Radiologic examination with cardiac fluoroscopy was carried out with barium in the esophagus. 
The esophagus appeared to be completely normal without evidence of constriction. The vascular 
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markings were thought to be essentially normal, although there was decrease in the radiolucency 
of the left lung field (Fig. 7). Also noted was a marked increase in the size of the left ventricle 
and the left atrium (Fig. 8). 
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Fig. 6.—Case 2. Electrocardiogram demonstrating coronary type T-wave changes and significant sige 
Q waves in Leads I, aV;,, and V4 through Vs. One complex in each lead has been retouched to facilitate ~ 
reproduction. 
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The clinical impression was an aberrant left coronary artery arising from the pulmonary 
artery. Because of the rapid ventricular rate, despite the fact that frank left ventricular failure 
was not present, digitalization was carried out in an attempt to produce slowing of the heart 
rate. In addition, oxygen was administered at times of distress and following each feeding period. 
The child was transferred from Children’s Hospital to the San Diego County General Hospital 
on October 19. During hospitalization at the latter institution, recurrent bouts of acute respira- 
tory distress with sweating, tachycardia, and bouts of crying continued. The child died suddenly 
on October 29, following a feeding period. 


Fig. 7.—Case 2. Posteroanterior radiograph of the chest with significant cardiac enlargement in 
the area of the left ventricle. Emphysematous changes are noted to be present in the left lung field. 


Fig. 8.—Case 2. Right lateral view of the chest with significant left atrial enlargement. 


The principal findings of interest were limited to the heart, which was enlarged and weighed 
45 grams. The endocardium was smooth, glistening, and transparent. The myocardium of the 
left ventricle measured 0.9 cm. in thickness, while the right ‘ventricle measured 0.5 cm. in thick- 
ness. The endocardium of the left ventricle showed only mild, gray-white thickening, which was 
most prominent over the interventricular septum. The valve rings were all measured and were 
within normal limits for the stated age of the patient. Similarly, the cusp and the valve leaflets 
were normal. The atria were not dilated, but there was a marked dilatation of the left ventricle 
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and, by contrast, the right ventricular chamber appeared to be somewhat small in size. The left 
coronary artery originated from the pulmonary artery just proximal to the bifurcation. The 
anterior descending and the circumflex branches of the left coronary artery were small and hyper- 
plastic, while the right coronary artery originated from the aorta in its normal position. Its 
branches were somewhat hypertrophied and dilated, and a large circumflex branch of the right 
coronary artery, as well as the large posterior descending branch, were visible. Branches from the 
posterior and descending coronary arteries extended over the posterior and lateral walls of the left 
ventricle, while branches from the right circumflex artery extended over the apex. Microscopic 
sections throughout the myocardium showed a dark, red-brown tissue without evidence of infarc- 
tion, necrosis, scarring, or calcification. 

Case 3.—M. F., a white female infant, was born of a normal pregnancy on Dec. 5, 1957. 
At birth no comment was made about the heart. The child was admitted to Scripps Memorial 
Hospital after developing cough, choking spells, and gagging when nursing at the age of 3 weeks. 
Physical findings revealed a sinus tachycardia and coarse expiratory wheezes over the right lung pos- 
teriorly. Because of clinical evidence suggesting apparent bronchial obstruction, an esophagram 
was made and found to be negative. Bronchoscopy, which was performed on December 28, 
demonstrated large amounts of bronchial secretions, which were aspirated from the right main- 
stem bronchus, and inflammatory changes were observed. After bronchoscopy the child was 
improved and was discharged on Jan. 4, 1958. 

She was readmitted to Scripps Memorial Hospital 3 weeks later. During the 3-week period 
at home she had had multiple bouts of extreme difficulty in breathing. These episodes were 
characterized by cyanosis, limpness, and pallor. On the day of admission, apnea occurred and the 
child required vigorous stimulation before breathing was reinstituted. During this second period 
of hospitalization the following sequence was observed repeatedly: the child would nurse, her 
breathing would become labored, and diffuse perspiration and cyanosis would appear, followed 
by apnea and extreme pallor. Adrenalin was necessary to re-establish respiration on one occasion. 

Cardiac consultation was sought during this admission, and a diagnosis of anomalous left 
coronary artery arising from the pulmonary artery was established on the basis of the character- 
istic attacks, absence of murmurs, and the electrocardiogram (Fig. 9). 

The infant’s condition continued to be critical with very frequent bouts of apnea, and she 
was transferred to the San Diego Children’s Hospital prior to surgery with the intent of trans- 
planting or ligating the anomalous left coronary artery. On February 9, under general anesthesia 
with continuous electrocardiographic monitoring, the child’s temperature was reduced to 90° F. 
A sternal splitting incision revealed that the entire apex and anterior aspect of the left ventricle 
were infarcted and aneursymal with paradoxical motion. This portion of the heart was deeply 
cyanotic. The right coronary artery was identified, and was tortuous and markedly dilated. 
An anomalous left coronary artery arose from the left anterior aspect of the main pulmonary artery 
and was surrounded by a plexus of veins. This coronary artery appeared atretic. With total 
occlusion of this aberrant artery the electrocardiogram consistently revealed prolonged intra- 
ventricular conduction, A-V dissociation, and eventual ventricular fibrillation. Visual observation 
during compression revealed further dilatation of the heart and obviously ineffectual ventricular 
contractions. Repeatedly during the procedure ventricular fibrillation occurred and sinus rhythm 
was restored by electric shock. When it was apparent that ligation of the anomalous artery was 
not feasible, talc was inserted into the pericardial sac, and the chest was closed. An effective 
pressure was not maintained, and the child was pronounced dead in the operating room. 

Pathologic Findings.—The heart was markedly enlarged, with the combined weight of heart 
and lungs being 205 grams. A small, anomalous left coronary artery was noted to arise from the 
left anterior aspect of the main pulmonary artery. This anomalous vessel traversed a course 
anteriorly and inferiorly to a position corresponding to that of the left anterior descending branch, 
although the marked left ventricular enlargement had rotated the heart to such a degree that 
this vessel lay in an anterior position. No large lateral vessels were noted arising from this vessel, 
the length of which was 5.5 cm. This artery’s point of take-off was 0.6 cm. above the left lateral 
cusp of the pulmonary valve. The right coronary artery arose 0.3 cm. above the reflection of the 
right lateral cusp of the aorta. This vessel gave rise to an anterior descending branch which lay 
slightly to the right of the interventricular septum, and a circumflex branch extending posteriorly 


af 
RY 
a) 
Nee 
‘ 4 
= 


44 KUZMAN, YUSKIS, AND CARMICHAEL = og 


to give rise to a posterior descending branch. The vessel then continued in a circumflex direction 
around the posterior aspect of the heart to terminate at a point 1.5 cm. from the anomalous left 
coronary vessel. No anastomosis could be detected on gross examination. 

The left ventricle was markedly hypertrophied and almost spherical in shape. The wall 
measured 0.7 cm. The right ventricle was a diminutive chamber affixed to the exterior of the 
globe-shaped left ventricle. The wall measured 0.3 cm. 

Both grossly and microscopically the anterior left ventricle was replaced with dense fibrotic 
tissue and was compatible with extensive myocardial infarction. A ligature encircled and oc- 
cluded the anomalous left coronary artery. 


Fig. 9.—Case 3. Standard 13-lead electrocardiogram with characteristic changes being present 
in Leads I, aV.L, and V4 through Vs. Left ventricular hypertrophy was felt to be present in this tracing, 
as well as in the other two electrocardiograms. 
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DIAGNOSIS 


The 3 case reports of anomalous left coronary artery presented confirm the 
impression that a proper ante-mortem clinical diagnosis can be achieved if careful 
attention is paid to the clinical symptoms, physical findings, electrocardiographic 
and radiologic findings. It behooves the clinical cardiologists to seriously consider 
the above in the differential diagnosis of an acutely ill infant, and to bear in 
mind that cardiac catheterization and angiocardiographic studies would con- 
tribute very little to the diagnosis and may well be contraindicated in view of the 
danger of ventricular tachycardia with sudden death in these infants. 


The typical clinical features of a case with anomalous origin of the left coro- 
nary artery from the pulmonary artery can be summarized as follows: (1) 
In these cases a normal infant will in the third to fifth month of life develop 
tachypnea, respiratory wheezing, and difficulty in feeding with frequent regurgita- 
tion of food. Growth and development are normal at this point. The possibility 
of a vascular ring or aspiration of foreign body is commonly entertained when the 
infant is first seen. (2) Bouts of severe colicky pain, pallor, profuse sweating, 
tachycardia, and peripheral cyanosis associated with or immediately following 
the feeding period characterize the attacks. The child will appear in a moribund 
shock-like state at times, while on other occasions the cardinal symptomsare bouts 
of crying and extreme distress. (3) Physical examination is revealing in that 
a paucity of physical findings exist. The heart will be greatly enlarged to the 
left with a forceful apical impulse; however, murmurs are generally absent. The 
lungs are clear to percussion and auscultation, and the physical findings ot 
congestive failure, per se, are lacking despite the tachypnea. 

The electrocardiogram is an important adjunct in the diagnosis, for it 
characteristically demonstrates marked left ventricular hypertrophy associated 
with ‘‘coronary type’’ T-wave changes. Deep, significant Q waves are often pres- 
ent in Leads I, aVxz, and the left precordial leads. The changes are those com- 
monly associated with extensive anterolateral ischemic changes in an adult, 
and should seldom be confused with any other pathologic state when considered in 
light of the over-all clinical picture. If extensive subendocardial changes are 
present, the electrocardiogram of fibroelastosis may be simulated. 


Radiologically, one is impressed with the massive cardiac enlargement in- 
volving predominantly the left ventricle, with true aneurysm on occasion. The 
degree of ventricular enlargement may be sufficient to encroach on the left main- 
stem bronchus or on that supplying the left lower lobe, thereby producing a ball- 
valve type of obstructive emphysema or frank collapse of an entire lobe (Wood’). 


DISCUSSION 


Anomalous origin of the left coronary artery from the pulmonary artery 
has always been considered a relatively rare developmental anomaly.* That 
3 cases were encountered within a relatively short period of time in the city of 
San Diego may be either a fortuitous occurrence or an indication that this entity 
is actually more common than heretofore appreciated. We also feel that this 
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is one congenital cardiac anomaly that can be readily overlooked at autopsy 
unless the pathologist is familiar with the clinical aspects of the case. Careful 
dissection of the coronary vessels should be carried out in all infants with sudden, 
unexplained death. 


The pathophysiologic disturbance that results from anomalous origin of the 
left coronary artery is probably insufficient coronary flow to meet the increasing 
myocardial demand for oxygen in a growing, active infant. In the fetal state the 
pulmonary artery pressure is high and the blood is well oxygenated, with a 
relatively small left ventricular mass. When the infant is 6 to 12 weeks of age 
the pulmonary arteries lose their muscular coats and gradually assume the 
characteristics of adult pulmonary vessels. Concomitantly, the pressure in the 
pulmonary circuit falls to one fourth or one fifth that in the systemic circuit, 
and accordingly, venous blood under a low head of pressure is now perfusing an 
ever-growing left ventricular mass whose oxygen requirement is increasing 
daily. This best serves to explain the chronological aspects of the usual clinical 
syndrome. Added weight is given to the significance of the hypothesis of low 
perfusion pressure with high intracavitary pressure in this malformation by 
comparison with other congenital defects wherein poorly saturated blood perfuses 
the coronary system at normal aortic pressures without producing the classical 
findings associated with this entity. Retrograde flow from the ventricular cavity 
through endocardial sinusoidal channels during the fetal state, as postulated by 
Johnson? in his discussion of endocardial fibroelastosis, is no doubt an additional 
factor in explaining the apparent well being of these infants at birth and shortly 
thereafter. 

There have been 48 cases of anomalous left coronary artery previously re- 
ported in infants. The majority of these infants died during the first 6 months 
of life. According to Gould,!® the pathologic features in infants are constant, 
and consist of marked left ventricular hypertrophy and dilation. The changes are 
predominantly in the distribution of the left coronary artery where the endocar- 
dium is thickened and gray. Focal mural thrombi may be present, while the myo- 
cardium often demonstrates gross scarring. Microscopically, endocardial 
scarring comparable to that in acquired coronary artery disease is noted. Focal 
necrosis and calcification of infarcted myocardium are also identified. The 
autopsy findings in our 3 cases closely resembled those described by Gould. 


Several authors"-" have reported long-term survival of patients with this 
malformation, the oldest patient having been 64 years of age at the time of death. 
A total of 13 patients could be classified as demonstrating the adult form of 
anomalous left coronary artery. As a general rule, the latter group is asympto- 
matic; however, sudden death is common. Pathologically speaking, adult pa- 
tients have right coronary artery preponderance, with a dilated tortuous vessel. 
The left coronary artery is often vein-like and is believed to serve as a venous 
channel in carrying blood from the myocardium to the pulmonary artery. Ex- 
tensive, dilated sinusoidal channels in the ventricular septum and ventricular 
cavity are similarly present. We have no explanation as to what predicates the 
development of the adult form in contrast to the infantile with its poor prognosis. 
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In view of the extremely poor prognosis in infants, various surgical procedures 
have been attempted in order to improve the flow through the anomalous left 
coronary artery. These were enumerated by Kittle and associates" in their 
paper, and consisted in creating an aorticopulmonary defect, producing pulmonary 
hypertension, insufflating pericardial talc, and performing other related proced- 
ures. Jurishica® described an 18-year-old Negro in whom pulmonary hypertension 
existed secondary to a patent ductus arteriosus. Ligation of the ductus produced 
no apparent clinical change during a 6-month follow-up. The patient was re- 
operated and died during this operation. Edwards" also discusses the possibility 
of an arteriovenous fistula existing between the normal right coronary artery 
and the anomalous left coronary artery. In order to test this hypothesis our third 
case was subjected to surgery with the intention of ligating the left coronary 
artery, in order to promote intercoronary anastomotic channels, or if feasible, 
under hypothermia to transplant the vessel into the aorta. The moment the 
vessel was cross-clamped, ventricular tachycardia and then ventricular fibril- 
lation developed, followed by the death of the patient. We do not subscribe 
to the view that the left coronary artery in the infantile form of this malformation 
is acting as the venous portion of an arteriovenous fistula, and we advise against 
this approach in infants, believing that only open heart surgery with the use of a 
pump oxygenator and elective cardiac arrest would allow the surgeon to transr 
plant the anomalos left coronary artery to the aorta or anastomose it to a sys- 
temic vessel. In our review of the subject, no successful case has yet been re- 
ported. However, we are certain that success will be only a matter of time. 


SUMMARY 


1. Three cases of anomalous left coronary artery arising from the pulmonary 
artery have been presented. 

2. Consideration of the clinical syndrome was emphasized in establishing a 
proper diagnosis 

3. Open heart surgery with the use of a pump oxygenator and elective 
cardiac arrest is recommended when considering surgical correction of the 
anomaly. 


ADDENDUM 


Since the preparation of this manuscript, there have come to our attention two excellent 
articles'®.7 dealing with the physiologic defect associated with anomalous left coronary artery 
and its surgical management. Despite the various studies indicating an arteriovenous fistula-like 
condition, the poor surgical result in our case and in the 3 cases reported!” would make.us believe 
even more firmly that open heart surgery with transplantation of the anomalous vessel to the 
aorta is the treatment of choice. The enigma at this time is why certain patients develop the 
adult form of this malformation and are essentially asymptomatic, while others die during in- 
fancy with essentially the same anatomic defect. 


We wish to thank the Pathology Departments of the Donald N. Sharp Memorial Community 
Hospital, Mercy Hospital, and San Diego County General Hospital for their excellent cooperation, 
Dr. James MacLaggan for permission to study his patient, and Mrs. Barbara Kerr for preparation 
of the manuscript. 
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Systolic Clicks: A Clinical, Phonocardiographic, and Hemodynamic 
Evaluation 


Kareem Minhas, M.D.,* and Benjamin M. Gasul, M.D.,** Chicago, Ill. 


The purpose of this study is to review the subject of systolic clicks, or ejection 
sounds, and to evaluate our own material, in an endeavor to ascertain their 
incidence in various cardiac anomalies constituting basic anatomic deformities 
or underlying hemodynamic states, their relationship to the first heart sound, 
their probable mode of origin and, finally, their diagnostic importance. 

In 1887, under the caption ‘Bruit de galop mesosystolique’’ Cuffer and 
Barbillion® probably made the first contribution to the subject of systolic clicks. 
In 1900, Potain™ further discussed the ‘‘systolic gallop sounds,’’ and two years 
later Petit®! described the early systolic click in pulmonary stenosis. In 1913 and 
1932, Gallavardin'’'* published his observations on “Bruit extracardioque 
telesystolique,’’ followed by a series of publications by Lian and associates,**-** 
who rendered a very clear clinical and graphic account of ‘‘Le claquement meso- 
systolique pleuropericardique”’ and the early systolic clicks associated with pulmo- 
nary and aortic stenosis, dilatation of the pulmonary artery, and aortic regurgita- 
tion. Calo®:* described them in tetralogy of Fallot and other aortic lesions. In 
the English literature, Leatham**-* has contributed substantially to the subject. 
More recently, McKusick and. associates*-** have demonstrated systolic clicks 
in various anomalies by means of spectral phonocardiography. 


MATERIAL AND METHOD 


The material utilized for this study is comprised of 809 phonocardiograms on 598 patients, 
of whom 540 were below the age of 16 years. Of the 598 patients, 146 revealed systolic clicks 
of one form or another. In addition to a complete history, each patient had a thorough physical 
examination with detailed notation of auscultatory findings of the heart, chest roentgenograms 
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in the anteroposterior and two oblique views, a 15-lead electrocardiogram, and a comprehensive 
phonocardiogram. In over two thirds of the patients with systolic clicks the exact nature of the 
diagnosis was further substantiated by 97 cardiac catheterizations, 83 angiocardiograms, 23 surgi- 
cal operations, and 16 autopsies. 

The phonocardiograms were taken with the patient in a recumbent position, using a Sanborn 
Twin-Beam Stethocardiette at a paper speed of 75 mm. per second, recording both the stethoscopic 
and logarithmic tracings at the apex, in the fourth, third, and second left intercostal spaces 
parasternally and in the second right intercostal space parasternally, along with either an electro- 
cardiogram or a carotid artery tracing, and sometimes with both as points of reference. All the 
records reproduced in this paper are logarithmic or high-frequency tracings because of their 
inherent enhanced fidelity with respect to human hearing.?*27.52.55.56,68 Throughout the text of 
this paper the letters E.S.C. represent early systolic click or ejection sound. Q-S; represents 
measurements in seconds from the onset of electrical activation to the onset of mechanical systole 
in the left ventricle as represented by the first major component of the first heart sound at the 
apex. Q-E.S.C. signifies the time interval between the electrical activation and the early systolic 
click. The S,-E.S.C. interval denotes in seconds the lapse of time between the mitral closure and 
the early systolic click. The margin of error in the system and measurements used is +0.01 


second. 


CLINICAL AND GRAPHIC CHARACTERISTICS OF SYSTOLIC CLICKS 


Systolic clicks is a worthy, qualitative description of the ‘‘sounds” in systole under considera- 
tion. In rare instances the clicking character is not so evident as in others. The clicks occurring 
in early systole which give the impression of a split first heart sound, with the second component 
significantly louder than the first or definitely different in character, are the more important. 
These are palpable at times and may be audible all over the precordium, but almost invariably 
have a site of maximal intensity. Their selective maximal intensity at the second, and sometimes 
at the third, left intercostal space parasternally, with generally poor or no conduction to the apex 
unless they are loud (significant variation during respiratory cycles with evident increase in in- 
tensity in expiration, sometimes amounting to complete absence in inspiration), indicates a 
pulmonic origin either at the level of the pulmonary valve or the pulmonary artery. In some 
instances of severe valvular pulmonary stenosis the click may be so early as to simulate a non- 
split first heart sound maximal at the second left intercostal space. The aortic clicks are, as a rule, 
maximal at the apex, only occasionally maximal at the third and fourth left intercostal spaces 
parasternally, and very rarely maximal at the second right intercostal space parasternally. In 
any case, they are widely propagated over the entire precordium. In transposition of the great 
vessels an apical early systolic click may originate from the pulmonary artery. Either the intensity 
of the aortic clicks is constant throughout the respiratory cycles or the change manifested is not 
remarkable. 

The clicks heard near mid-systole, in mid-systole, or in late systole may be single or multiple, 
do not generally give the impression of any temporal relationship to the first heart sound, are 
heard best at the apex or lower left sternal border, are usually not heard at the base, are very rarely 
loud enough to be palpable, may or may not precede a systolic murmur, are apt to be evanescent 
from one examination to another, usually vary with respiration, may significantly change with 
respect to timing from cycle to cycle, and are generally not associated with other significant 
murmurs or abnormal character or intensity of heart sounds. Such are the clicks commonly 
associated with a normal cardiovascular status. Occasionally, they may be heard in a definitely 
abnormal anatomic lesion or hemodynamic state, in which instances their occurrence is very 
likely fortuitous. 

In every one of our cases we were able to elicit the systolic clicks by conventional auscultation. 

Phonocardiographically, the clicks are registered in systole as wave forms of comparatively 
high frequency, of relatively short duration, varying from what may appear as a single vibration 
to rapid multiple vibrations. Their amplitude varies directly with their intensity. Because of 
their frequency content the high-frequency or logarithmic records**.??.52.55.56,63 are best suited for 


their delineation. 
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SYSTOLIC CLICKS 


THE EARLY SYSTOLIC CLICKS 


1. Congenital Isolated Pulmonary Stenosis.—Of the 59 cases of isolated pulmonary stenosis 
in our material, 24 revealed early systolic clicks having the characteristics indicating their pulmonic 
origin. Ten of the 24 cases registered the pulmonic closure at the apex (Fig. 1, c) in addition to 
the usual aortic closure. Four of these 10 cases showed the pulmonic closure to be louder than the 
aortic at the second left intercostal space parasternally (Figs. 1, a and b, and 12). Five had a 
normal pulmonic closure, and in one case it was diminished in intensity. In the other 14 the 
pulmonic closure was definitely diminished in intensity, and also delayed; the latter factor 
was common to the 10 cases referred to above. Of the 24 cases mentioned, catheter data was 
available in 14. Of these 14 patients 9 showed right ventricular pressure below 75 mm. Hg, while 
the other 5 revealed pressures above that level. In the 10 patients not catheterized the stenosis 
was considered to be of the mild to moderate variety, bringing to 19 the total of such cases in this 
series. 

The Q-S, interval in these 24 cases revealed a mean of 0.05 sec. (range 0.04 to 0.06 sec. in 23 
cases, and 0.07 sec. in one case). The Q-E.S.C. interval showed a mean of 0.08 sec. (range 0.07 to 
0.10 sec. in 23 cases, and 0.11 sec. in one case). The S;-E.S.C. interval revealed a mean of 0.033 
sec. (range 0.01 to 0.05 sec. in 23 cases, and 0.06 sec. in one case). Leatham and Weitzman™ 


found the S,-E.S.C. interval in their series to range between 0.02 and 0.06 sec., with a mean of 
0.04 sec. 
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Fig. 1.—a, 8. 8., 3 years old. Mild pulmonary stenosis. Pressures: right ventricle, 33/2; pulmo- 
nary artery, 14/10. 6, K. A.,3 yearsold. Severe pulmonary stenosis. Pressures: right ventricle, 90/4; 
pulmonary artery not entered. c, A. S., 13 years old. Mild pulmonary stenosis. Pressures: right 
ventricle, 39/0-5 (18); pulmonary artery (13); left pulmonary artery, 17/11 (14). 


Key to abbreviations in this and all subsequent illustrations, with exceptions and additions noted 
in each particular instance: E.S.C. = Early systolic click. SM = Systolic murmur. S; = First heart 
sound. Se = Second heart sound. A = Aortic closure. P = Pulmonic closure. 2 LIS, 3 LIS, and 
4 LIS = Second, third, and fourth left intercostal space parasternally, respectively. 2 RIS = Second 
right intercostal space parasternally. 
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2. Congenital Aortic Stenosis.—The 24 patients studied by us were all under 16 years of age, 
thus permitting a valid assumption of a congenital origin for their aortic stenosis. Twenty of 
these patients revealed early systolic clicks having the characteristics indicating their aortic 
origin. Wood’ noted the presence of early systolic clicks in 29 of 30 cases of congenital aortic 
stenosis. Simultaneous indirect carotid artery tracings indicated that the great majority of systolic 
clicks followed the rise of the upstroke of the arterial tracing (Fig. 3,a). Occasionally, they occurred 


slightly earlier (Fig. 3,5). 


Pressures: 


Fig. 2.—a, F. S., 37 years old. Severe pulmonary stenosis, preoperatively. Cyanotic. 
b, Same 


right ventricle, 163/3 (54); pulmonary artery not entered; right brachial artery, 144/79 (102). 
patient as in a, postoperatively. 


The Q-S, interval of this group of 20 patients showed a mean of 0.05 sec. (range 0.04 to 0.07 
sec.). The mean Q-E.S.C. interval was 0.11 sec. (range 0.09 to 0.12 sec.). The S,-E.S.C. interval 
had a mean of 0.055 sec. (range 0.05 to 0.07 sec.). In the series of 15 cases reported by Reinhold 
and associates® the range of the S,-E.S.C. interval was found to be between 0.04 and 0.09 sec., 
with an average of 0.05 sec. 

3. Dilatation of Pulmonary Artery Without Pulmonary Valvular Stenosis.—A preponderantly 
large proportion of our patients who were in this category had pulmonary hypertension as a 
common denominator; some few had associated large left-to-right shunts with normal or mini- 
mal (below 40 mm. Hg) elevation of pulmonary artery pressure; and some had idiopathic dila- 
tion of the pulmonary artery. 

Pulmonary hypertension: In our material there were 60 cases of pulmonary hypertension with 
early systolic clicks in various anomalies. Of these cases 27 had pulmonary hypertension of 
systemic range (Fig. 4), while the remaining 33 showed pulmonary artery pressure of varying 
degree, with a majority showing pressures in the lesser circuit of more than 60 mm. Hg. 

The mean Q-S; interval in the 27 cases with pulmonary hypertension of systemic order was 
0.06 sec. (range 0.03 to 0.08 sec.), the mean Q-E.S.C. interval was 0.12 sec. (range 0.10 to 0.18 
sec.), and the mean §S,-E.S.C. interval was 0.06 sec. (range 0.04 to 0.10 sec.). 
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Excluding the 3 cases of rheumatic mitral stenosis which showed a Q-S, interval of 0.08, 
0.08, and 0.09, respectively, the Q-S, interval in the remaining 30 cases showed a mean of 0.05 
sec. (range 0.04 to 0.07 sec., with one reading of 0.08 sec.), the mean Q-E.S.C. duration was cal- 
culated to be 0.11 sec. (range 0.08 to 0.16 sec.), and the mean S,-E.S.C. was 0.06 sec. (range 0.03 
to 0.12 sec.). The figures arrived at in the above 60 cases of pulmonary hypertension compare 
favorably with those of Leatham and Vogelpoel's* series of 44 cases in which the S,-E.S.C. 
interval was found to be 0.07 sec. (range 0.05 to 0.14 sec.) = 0.01 sec. 
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Fig. 3.—a, L. G., 8 years old. Congenital aortic stenosis. The carotid tracing shows a slow, 
smooth rise and a serrated plateau, the serrations coinciding with the onset of the murmur. The E.S.C. 
is registered 0.02 sec. after the upstroke, the intial phase of which very probably reflects the isometric 
rise of aortic pressure. 6, G. A., 12 years old. Congenital aortic stenosis and minimal regurgitation. 


Dilatation of pulmonary artery associated with left-to-right shunt, with normotensive or mini- 
mally elevated (below 40 mm. Hg) pulmonary artery pressures: Five of our cases answered to the 
above criteria, 4 were those of atrial septal defect (Fig. 5), and one was a ventricular septal 
defect with a large shunt. 

The 4 cases of atrial septal defect showed a mean Q-S; interval of 0.06 sec. (range 0.05 to 0.07 
sec.), a mean Q-E.S.C. interval of 0.10 sec. (range 0.09 to 0.10 sec.), and a mean S,-E.S.C.-interval 
of 0.04 sec. (range 0.03 to 0.05 sec.). The solitary case of ventricular septal defect revealed com- 
parable figures of 0.06, 0.14, and 0.08 sec., respectively. 

Idiopathic dilatation of pulmonary artery: Six patients (Fig. 6) ranging in age from 8 to 42 
years were studied. In all 6 cases an early systolic click was heard and recorded maximal at the 
second left intercostal space parasternally. One of the 6 revealed a minimal gradient across the 
pulmonary valve and may well have been a case of mild valvular pulmonary stenosis. 

The mean Q-S, interval in these cases was 0.06 sec. (range 0.05 to 0.06 sec. ), the mean Q-E.S.C. 
interval was 0.10 sec. (range 0.08 to 0.12 sec.), and the mean S,-E.S.C. interval was 0.04 sec. 
(range 0.03 to 0.06 sec.). 
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4. Dilatation of Aorta Without Aortic Valvular Stenosis——An example par excellence of a 
“dilated aorta’’ is the entity of truncus communis; because of this fact and because of the very 
constant finding of early systolic clicks in this condition, it will be dealt with separately from the 
others. 

Truncus communis: Of the 9 cases studied each one revealed an early systolic click. It was 
in these cases (Fig. 7,2) more often than in others that the clicking character of the ejection 
sound was lost, thus giving the over-all impression of an abnormally widely split first heart 
sound, but with a loud ejection component. 

The mean Q-S; interval in these 9 cases was 0.05 sec. (range 0.04 to 0.06 sec.), the mean 
Q-E.S.C. interval was 0.12 sec. (range 0.09 to 0.16 sec.), and the mean S,-E.S.C. was 0.07 sec. 
(range 0.05 to 0.10 sec.). 

Others: This group was comprised of 9 cases: 2 of tetralogy of Fallot (Fig. 7,) of the very 
severe type in which the early systolic click persisted after a shunt operation, 1 of single ventricle 
with transposition (Fig. 8,a), 2 of rheumatic aortic regurgitation (Fig. 8,b), 2 of coarctation of the 
aorta (Fig. 9,2), 1 of probable atheromatosis of the aorta (Fig. 9,5), and 1 of tricuspid atresia. 

The mean Q-S, interval in this group was 0.05 sec. (range 0.04 to 0.06 sec.), the mean Q-E.S.C. 
interval was 0.12 sec. (range 0.11 to 0.14 sec.), and the mean S,-E.S.C. interval was 0.07 sec. 


(range 0.05 to 0.09 sec.). 


THE MID AND LATE SYSTOLIC CLICKS 


Many authors'-16,21,36,37,41,43-45,57,66,72,74 have referred to the subject of mid and late systolic 
clicks, stressing their occurrence in otherwise normal hearts. Gallavardin'’.'8 formulated a pleuro- 
pericardial origin. Duchosal" observed them in low nodal rhythm with retrograde conduction. 
LeRoy and Roberts* noticed the same in systolic expansion of ventricular aneurysm. Wolferth 
and Margolies® recorded them as auricular sounds in systole in complete heart block. McKusick 
and associates** have described them in the presence of plaques of calcification in the pericardium 
and in the uncoiling and dilatation of the auricular appendage with mitral regurgitation. With 
respect to the extracardiac causes, extrasounds in systole have been described by Hamman? in 
spontaneous interstitial emphysema of the lungs, by Scadding and Wood® in left-sided pneumo- 
thorax, and by Schwab and Smiley® in xiphosternal crunch. The characteristics of this variety 
of systolic clicks have already been described. 

In our material we have had 17 cases which revealed single or multiple systolic clicks just 
before mid-systole, in mid-systole, or in late systole; in 7 of these cases the heart was considered 
to be normal (Fig. 10,a and }). In one case (Fig. 10,5) the click seemed to initiate a systolic mur- 
mur, while in another (Fig. 10,2) it was loud and palpable and lay in the middle of a loud functional 
systolic murmur. In 10 c~ses there were definite cardiac lesions; there were 4 cases of Eisenmenger’s 
complex (Fig. 4), 1 of dex-rocardia with transposition, 1 of truncus communis, 1 of aortic septal 
defect, 1 of patent ductus arteriosus, 1 of aortic regurgitation, and 1 of fibroelastosis. Six of these 


10 cases also had early systolic clicks. 


DISCUSSION 


Whereas the systolic clicks occurring in mid-systole and late systole are of 
relatively insignificant diagnostic importance, the early systolic clicks, or ejection 
sounds, undoubtedly are a category apart, for the very fact that they occur al- 
most exclusively in abnormal cardiac states. Of our 135 patients with early 
systolic clicks 133 had definite cardiac lesions or abnormal hemodynamic states. 
Two of the apparently normal patients revealed early systolic clicks of the aortic 
variety and also had what was estimated to be a loud aortic closure. This phe- 
nomenon may be either a normal variant or, possibly, a congenital thickening or 
fibrosis of the aortic valve leaflets without manifest stenosis. A similar situation 


may exist with respect to the pulmonary valves. 
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On the basis of clinical auscultation and graphic registration the more im- 
portant early systolic clicks appear to be closely related to the second component 
of a physiologically split first heart sound. This apparent similarity merits dis- 
cussion in some detail. 
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. Fig. 4.—N. V., 8 years old. Eisenmenger’s complex. Oxygen saturation, 80 per cent. Pressures: 
right ventricle, 108/1 (55); pulmonary artery, 108/73 (81); femoral artery, 108/73 (84). MSC = Mid- 
systolic click. DM = Early decrescendo medium high-frequency diastolic murmur. 
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Fig. 5.—a, A. T., 10 years old. Atrial septal defect. Preoperative pressures: right ventricle, 


31/8 (16); pulmonary artery, 21/10 (15); left-to-right shunt at atrial level = 4.33 L./min. 6, Same 
patient, postoperatively. The E.S.C. persists and is unaccountably delayed. 


Relationship of The First Heart Sound To Early Systolic Clicks—In 1867, 
Potain® observed by simple auscultation the “very frequent” splitting of the 
first heart sound in normal individuals and attributed it to the closure of the 
mitral and tricuspid valves in that sequence. Other authors" ?8.46.59.73 subscribe to 
the same view. Einthoven and Geluk," Giegel,!® Wiggers, ®*:7! and others”*:39 49.50.56 
consider the first major component to be due to closure of the atrioventricular 
valves, and the second major component to be related to the opening of semilunar 
valves and/or ejection vibrations in the basal vessels. 
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The indirect carotid artery tracings are widely used as a control with re- 
spect to timing the two major components of a normally split first heart sound, 
as also the early systolic clicks. However, the interpretations given seem to be 
inconsistent. Leatham?* concluded that the second major component of a nor- 
mally split first heart sound occurring after the rise of pressure in the aorta (Fig. 
11) was most likely caused by closure of the tricuspid valve. Reinhold and asso- 
ciates®® postulated that in congenital aortic stenosis the early systolic click oc- 
curring after the rise of aortic pressure (Fig. 3,a) originated in the aortic wall. It is 
usually assumed that in order to reflect the rise of pressure at the base of the 
aorta from indirect carotid artery tracings a correction is necessary; but such cor- 
rection will vary appreciably with the velocity of the pulse transmission used.?:7° 
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Fig. 6.—E. C., 8 years old. Idiopathic dilatation of pulmonary artery. Pressures: right ventricle 
18/5 (9); pulmonary artery, 16/8 (9). No shunts. 


Moreover, Ellinger and associates," in their study of 68 individuals, demonstrated 
the rise in the two regions to be simultaneous in 9 cases, with a mean delay to the 
carotid of only 0.013 second. Wiggers®® pointed out the variability of carotid 
pulse tracing in individual cases (Fig. 10,¢ and b). It so appears to us that 
a single correction constant applied to any two cases or a series of cases is open 
to question. A comparison of Fig. 3,a and 3,6; and Fig. 10,a and 10,6 makes this 
point obvious. Wiggers®® formulated the concept of isometric rise of aortic 
pressure (Figs. 3,a,10,a and 11). This is easily understood considering that even 
a much smaller rise in pressure during atrial systole against closed aortic valves 
is well registered (Fig. 11) on arterial pressure records.?°* In a normally split 
first heart sound (Figs. 10,@¢ and 11) the segment of the simultaneous indirect 
arterial tracing between the two major components reflects initial aortic rise of 
pressure during the isometric contraction of the left ventricle. 

As against the employment of indirect methods,"”.?*5® Braunwald and 
associates*:* ably demonstrated by the direct means of simultaneous catheteriza- 
tion the time relationship of dynamic events in the cardiac chambers, pulmonary 
artery, and aortain man. Their observations reveal that the mitral valve closure 
preceded the tricuspid valve closure by no more than 0.013 second (+ 0.0043), an 
almost synchronous closure and one that is below the discerning ability of the 
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human ear. Other cases in their series had simultaneous onset of right and 
left ventricular systole, which was also shown by one case of ventricular septal 
defect in Coblenz and associates’ series.?. The right ventricular isometric contrac- 
tion period was found to be 0.016 second (+ 0.004) and that of the left ventricle 
to be 0.061 second (+ 0.012). Hence, the onset of right and left ventricular 
ejection or the opening of pulmonary and aortic valves occurred 0.029 second 
(+= 0.004) and 0.061 second (+ 0.012), respectively, after the mitral valve closure. 
The above figures are very remarkably close to those obtained in 34 dogs by 
Moscovitz and associates, and to the right heart data obtained in man by 
Coblenz and associates.’ Wiggers”® calculated the duration of isometric ventric- 
ular contraction in man to be 0.05 second. 
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Fig. 7.—a, P. S., 15 years old. Truncuscommunis. )b, C. F.,3 months old. Severe tetralogy of Fallot. 
DM = Diastolic murmur. LLST = Lower left sternal border. 


It becomes evident, therefore, that the first major component of a normally 
split first heart sound represents the mitral and tricuspid closure, in that order, 
which may be either synchronous (Figs. 10,¢ and 11) or asynchronous (Fig. 10,5). 
The generally poor contribution of the tricuspid closure** may further explain 
the comparative infrequency of its registration in mitral stenosis,?7:?° despite a 
significant delay in mitral closure which gives rise to the associated loud first 
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heart sound. The second major component (Figs. 10,a and 11) represents the 
ejection phase from the ventricular chambers, and embraces opening of the semi- 
lunar valves, pulmonary before the aortic, and vibrations due to sudden dilatation 
of the great vessels, the pulmonary artery before the aorta. The ejection from 
the left ventricle is seemingly the dominant phenomenon in a normal state. 
The variability in configuration and duration of the normal first heart sound 
(Figs. 10 and 11) needs to be appreciated.**.**.7° Leatham*® commented that 
in the presence of early systolic ejection sounds the first heart sound was usually 
single. To us this suggests the synchronous closure of the atrioventricular 
valves followed by the ejection component which assumes specific characteristics. 
Occasionally, the close asynchronous closure of the mitral and tricuspid valves 
can be registered in the presence of an early systolic click**® (Fig. 12,a) and in 


mitral stenosis (Fig. 12,0). 
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Fig. 8.—a, C. L., 4 years old. Single ventricle with transposition of great vessels. 6, C. B., 14 
years old. Rheumatic heart disease with aortic regurgitation. DM = Early decrescendo high-frequency 


diastolic murmur. 


In view of the foregoing genesis the early systolic clicks in pulmonary 
valvular stenosis, coinciding with the opening of the deformed pulmonary valves, 
would be predicted to occur at about 0.03 second®:’ after the mitral closure, and 
earlier if the atrioventricular valve closure is synchronous, and particularly when 
the right ventricular pressure is markedly elevated (Figs. 1,);2). In dilatation of 
the pulmonary artery with or without shunt, but without significant elevation 
of the pulmonary artery pressure, the early systolic clicks should register a 
trifle later than the opening of the pulmonary valve. In dilatation of the pulmo- 
nary artery with hypertension the isometric contraction period of the right 
ventricle approaches that of the left ventricle, resulting in delayed ejection 
into the dilated pulmonary artery; under these conditions the early systolic 
click would be expected to register at about 0.06 second (+ 0.01) after the 
atrioventricular valve closure. Actual average figures in our series for the 
S:-E.S.C. interval were 0.033 second for isolated valvular pulmonary stenosis, 
0.04 second for idiopathic dilatation of the pulmonary artery and normotensive 
atrial septal defects, and 0.06 second for pulmonary hypertension. Likewise, in 
congenital aortic stenosis an early systolic click arising at the valvular level would 
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be anticipated to occur at about 0.06 second (+ 0.01)* 7 after the closure of 
the atrioventricular valves, the time interval reflecting the isometric contraction 
period of the left ventricle, and also the onset of ejection from the same ventricle. 
Ejection clicks arising from a dilated aorta without aortic valvular stenosis 
should occur just a little later. The mean S,-E.S.C. intervals referable to aortic 
valvular stenosis and to dilatation of the aorta without aortic valvular stenosis 
were 0.055 and 0.07 second, respectively. 

Mode of Production of Early Systolic Clicks—Lamb* enunciated that “‘the 
higher harmonics are excited in greater relative intensity, the more abrupt the 
character of the originating disturbance.’’ The comparatively larger excursion 
of a dilated vessel wall during normal systolic ejection introduces the factor of 
relative, abrupt mobility as compared to a shorter excursion in a physiologic 
state. Likewise, a thickened, fibrosed, or deformed valve loses its free mobility 
and becomes a likely seat for the production of “‘higher harmonics,”’ a phenomenon 
well established in the form of an opening snap in rheumatic mitral stenosis, and 
also as a delayed loud snapping mitral closure®:**.* (Fig. 12,0). 


Tt 


Fig. 9.—a, N.S., under 1 yearofage. Coarctation ofaorta. b, C. B.,63 yearsold. Arteriosclerotic 
heart disease with probable atheromatous involvement of ascending aorta. MM = Mitral closure. 
T = Tricuspid closure. 


With reference to early systolic clicks in pulmonary valvular stenosis a 
majority of authors':5!.58.6,67.75 have implied their origin to be in the region of the 
pulmonary valve. Leatham and associates?’*!:*? ascribe them to the post- 
stenotic dilatation of the pulmonary artery. McKusick and associates.‘ 
have referred to the “pulmonary reversal snap’’ disappearing after successful 
valvotomy, while Leatham and Weitzman® have mentioned a case in which 
the early systolic click appeared after operation. In our estimation the invariable 
sequence of the early systolic click preceding the systolic ejection murmur, the 
definite accentuation of the pulmonic closure, at least in some cases (Figs. 1 and 
12), the timing of its occurrence, average 0.033 second after mitral closure, 
coinciding with the anticipated opening of the pulmonary valve,*-* its earlier 
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registration relative to atrioventricular valve closure in severer cases (Fig. 2), 
comparatively later in mild to moderate cases (Figs. 1,¢c and 12,a) and, above all, 
its complete disappearance (Fig. 2) in two of our successfully operated cases 
who retained the poststenotic dilatation of the pulmonary artery, all strongly 
favor the concept of a va!vular origin. 


Fig. 10.—a, F. 8., 70 years old. Normal heart and blood vessels (autopsy control). Isolated 
small atheromatous plaque in the aortic arch. The first major component of S; is comprised of almost 
synchronous closure of mitral and tricuspid valves. The second major component of S,;—the ejection 
component— is registered maximally at 2 RIS, and clearly occurs after the rise of the carotid tracing 
at the apex. The mid-systolic click was palpable and the functional systolic murmur was accompanied 
by a thrill. 6, M. L., 28 years old. Normal heart. The first major component of S; is comprised of 
clearly asynchronous closure of mitral and tricuspid valves. A well-defined second major component 
is absent. A systolic click occurring before mid-systole precedes a systolic murmur. M = Mitral 
closure. Ej. = Ejection component of 8;. T = Tricuspid closure. SC = Systolic click. MSC = Mid- 
systolic click. S2 = Second heart sound, aortic closure. 


Opinion is also divided regarding the seat of early systolic clicks in congenital 
aortic stenosis. Reinhold and Nadas** and Wolferth and Margolies”® maintain 
that these are valvular in origin, while Leatham and associates?’ *! and Reinhold 
and associates® believe that they emanate from the poststenotic dilatation of 
the aorta. The early systolic clicks in congenital aortic stenosis also always 
preceded the ejection systolic murmur. Likewise, the serrations on the carotid 
artery tracing (Fig. 3,2) do not appear immediately with the upstroke, but after 
the appearance of the early systolic click. A great majority of cases revealed a 
loud aortic closure. The time of their occurrence, average 0.055 second after the 
mitral closure, reflected the isometric contraction period of the left ventricle**:*:7° 
coinciding with the anticipated opening of the aortic valve. It seems reasonable 
to us to accept that when the rise of pressure at the base of the aorta precedes the 
early systolic click, such rise is secondary to the isometric rise of pressure in the 
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left ventricle®® before the “opening’’ of the aortic valves,and the early systclic 
movement of the aortic wall as registered by the electrokymogram may conceiv- 
ably be analogous to the registration of atrial systole in arterial tracings?®* 
or to the backward movement of the left atrium during ventricular systole in 
pure mitral stenosis.'° Moreover, if the early systolic click in this condition were 
aortic in origin, the systolic murmur would be anticipated to precede the click. 
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Fig. 11.—B. N., 17 years old. Normal heart. Note the initial rise in the arterial tracing occurring 
immediately after the synchronous atrioventricular valve closure, reflecting the isometric rise of aortic 


pressure. MT = Synchronous mitral and tricuspid valve closure. Ej. = Ejection component of 8). 
Se = Second heart sound, aortic closure. a = Atrial systole. 
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Fig. 12.—a, R. S., 7 yearsold. Mild pulmonary stenosis. }, J. T.,15 yearsold. Rheumatic heart 
disease with pure mitral stenosis. Pressures: left atrium, diastolic, 26 mm. Hg; left ventricle, diastolic, 
8mm.Hg. The atrioventricular valves close paradoxically with the delayed mitral closure dominating 
8:. M = Mitral closure. T = Tricuspid closure. OS = Opening snap. 


We have not observed this in any one of our 20 cases, and neither did Reinhold 
and associates® in their cases. In view of the foregoing we are inclined to believe 
that in congenital aortic stenosis the early systolic click originates in the region 
of the aortic valve. 

There seems to be no disagreement in the available literature with respect 
to the origin of early systolic clicks that occur in conditions with dilated pulmo- 
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nary artery and dilated aorta or truncus communis without related proximal 
valvular stenosis. We concur with the generally formulated concept that in 
such conditions the early systolic clicks or ejection sounds originate in the dilated 


vessel. 

In the present state of our knowledge it seems reasonable to state that the 
early systolic clicks or ejection sounds, ‘rrespective of their source of origin, are a 
modification of the physiologic ejection component of the normal first heart sound. 
They are manifested almost exclusively in abnormal anatomic or hemodynamic 
states. This fact alone lends them significant importance. Their individual 
features in different entities, especially in the presence of other ancillary ausculta- 
tory and phonocardiographic evidence, are sufficiently discriminate so as to render 
them of substantial diagnostic value. 

Incidence of Early Systolic Clicks in Various Cardiac Anomalies.—Twenty- 
four of 59 cases of isolated valvular pulmonary stenosis revealed early systolic 
clicks. A majority of these cases belonged in the mild to moderate category, 
while a few of them were undoubtedly severe, one of them cyanotic. In congenital 
aortic stenosis, early systolic clicks were present in 20 of 24 cases. 


The presence of early systolic clicks in pulmonary hypertension, whatever 
the associated defect may be, shows increasing constancy when pulmonary artery 
pressures approach near-systemic or systemic levels. Dilatation of the pulmonary 
artery isan invariable accompaniment. Comparison between cases of ventricular 
septal defects with varying degree of pulmonary hypertension without cyanosis 
and cases of Eisenmenger’s complex brings out this point rather well. Of the 96 
patients with ventricular septal defect studied phonocardiographically, 62 were 
catheterized. Thirty-six of these 62 revealed pulmonary hypertension of varying 
degree, but only 13 of these 36 revealed early systolic clicks, and 9 of the 13 had 
pulmonary artery pressures that exceeded 60 mm. Hg. In contrast, each of the 
8 patients with Eisenmenger’s complex revealed an early systolic click. Likewise, 
early systolic clicks were found with a remarkable degree of constancy in 5 out of 5 
cases of total anomalous pulmonary venous drainage, 4 out of 4 cases of severe 
pulmonary hypertension of undetermined origin, and 4 out of 5 cases of Taussig- 
Bing complex. 

Dilated pulmonary artery secondary to a large left-to-right shunt, but 
with a normal or minimal elevation of pulmonary artery pressure, was illustrated 
by 4 of the 32 cases of atrial septal defect of the ostium secundum type, and by 
one of the 96 cases of ventricular septal defect. All 6 patients with idiopathic 
dilatation of the pulmonary artery studied by us revealed early systolic clicks. 


The detection of early systolic clicks with respect to dilatation of the aorta 
without aortic valvular stenosis is best exemplified by the entity of truncus 
communis. Of the 9 cases studied, all 9 had early systolic clicks. Only 2 of the 
37 cases of tetralogy of Fallot revealed an early systolic click of aortic origin, and 
both were associated with marked pulmonary hypoplasia and retained their 
clicks after institution of a shunt procedure. The incidence in other conditions 
of dilatation of the aorta was not remarkable. We registered early systolic 
clicks in 1 case of single ventricle with transposition, 2 of rheumatic aortic regurgi- 
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tation, 2 of coarctation of the aorta, 1 of probable atheromatosis of the aorta, 
and 1 of tricuspid atresia. 

The multiplicity of conditions that reveal the presence of early systolic 
clicks can be differentiated in much the same manner as a systolic murmur is 
used to indicate totally different cardiac lesions. Of importance is the character, 
intrinsic intensity, site of maximal intensity, propagation, effect of respiration, 
time interval, pitch or frequency, coexistent murmurs, and associated changes 
in the second heart sound. The details with respect to these conditions have 
already been stated. The same criteria can be utilized to differentiate these 
clicks from a normally split first heart sound, generally best appreciated at the 
lower left sternal border. 

The Q-S; interval in the 130 congenital cases showing early systolic clicks 
revealed a mean of 0.05 second (range 0.03 to 0.08 second). These figures are 
very similar to those calculated in 121 normal individuals by Craig,® who arrived 
at a mean value of 0.06 second (range 0.04 to 0.09 second). 

Finally, we agree with those!®** who doubt the entity of systolic gallop in 
any form other than such as occurs in relation to systolic clicks. It is suggested 
that the general term “‘systolic gallop’’ be dropped in favor of a more precise and 
meaningful temporal description of the extrasounds in systole, separating the 
more important early systolic clicks or ejection sounds from the comparatively 
benign mid or late systolic clicks. This is quite possible on simple auscultation. 


SUMMARY 


This study was comprised of 809 phonocardiographic tracings on a total 
of 598 patients, of whom 135 revealed early systolic clicks, and 11 more showed 
mid or late systolic clicks. 

Detailed clinical and phonocardiographic characteristics of the systolic 
clicks were noted, and the more significant early systolic clicks differentiated from 
the comparatively benign ones occurring just before mid-systole, in mid-systole, 
and in late systole. Clicks of the latter type were encountered mostly in normal 
hearts, but they were also found in abnormal states. 

The early systolic clicks were noted to occur in anomalies involving con- 
genital malformations of the stenotic type in the aortic and pulmonary valves, 
and in those involving dilatation of the aorta and pulmonary artery. The aortic 
clicks generally tended to be of maximal intensity at the apex and varied little 
during respiratory cycles. The pulmonic clicks were maximal at the second left 
intercostal space parasternally and were loudest during expiration, sometimes 
disappearing completely with inspiration. . 

The incidence of early systolic clicks was appreciably high in congenital 
aortic stenosis, while they were present in about half the cases of congenital 
isolated pulmonary stenosis. The latter anomaly in a majority of the cases was 
of the mild to moderate type. In these conditions the early systolic clicks always 
preceded the ejection murmurs. In congenital aortic stenosis the aortic closure 
was unusually loud in most instances; in congenital pulmonary stenosis a few 
cases revealed an abnormally loud pulmonic closure. 
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Of the anomalies involving the aorta the early systolic clicks were found 
to be quite consistently present in cases of truncus communis, but were also 
noted in extreme cases of tetralogy of Fallot and only occasionally in coarctation 
of the aorta, transposition of the great vessels, tricuspid atresia, aortic regurgita- 
tion, and atherosclerosis of the aorta. Dilatation of the pulmonary artery 
associated with Eisenmenger’s physiology, Taussig-Bing complex, and idiopathic 
dilatation of the pulmonary artery revealed that early systolic clicks were a 
relatively constant finding in these conditions. Pulmonary hypertension at less 
than systemic levels and pulmonary dilatation secondary to large left-to-right 
shunt with normotensive pressures were sometimes noted to be associated with 
early systolic clicks. 

With respect to timing the ejection component of the first heart sound, as 
well as the aortic clicks, the concept of isometric rise of aortic pressure as reflected 
in simultaneous indirect arterial tracings is discussed. 

The early systolic clicks were considered to be a pathologic manifestation 
of the second major, or ejection, component of the first heart sound and, depend- 
ing on their origin, to reflect the isometric contraction period or beginning of the 
ejection phase of either ventricle. 

In congenital aortic stenosis and valvular pulmonary stenosis the early 
systolic clicks seemed to originate at the valvular level, occurring after the atrio- 
ventricular valve closure at a mean time interval of 0.055 and 0.033 second, 
respectively. In other conditions the vessel wall of the aorta or the pulmonary 
artery appeared to be their seat of origin. The mode of occurrence of the more 
benign mid and late systolic clicks could not be ascertained. 

The presence of early systolic clicks was considered an abnormal finding 
in itself, and their proper evaluation was regarded as being of significant diagnostic 
importance. Their absence did not imply exclusion of any given entity or 


hemodynamic state. 
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A Further Study of Cardiac Vectors in the Frontal Plane 


Zang Z. Zao, M.D., George R. Herrmann, M.D., and Milton R. Hejtmancik, M.D. 
Galveston, Tex. 


ae In a previous study we analyzed cardiac vectors in the frontal plane from 
post several hundred limb-lead electrocardiograms.! They were selected at random 
en from routine 12-lead electrocardiograms which were classified either as being 
te normal or as indicating right ventricular hypertrophy, left ventricular hyper- 
ot trophy, complete right bundle branch block, or complete left bundle branch 
xe block. The classification of the electrocardiograms was based on the criteria 
e established by Frank N. Wilson and associates. 

< This study is a continuation of the previous one. It concerns cardiac vectors 
* in the frontal plane from a total of 400 limb-lead electrocardiogramis. They were 


selected at random, there being 100 cases of old anterior myocardial infarction 
(AMI), 100 cases of old posterior myocardial infarction (PMI), 100 cases of 
acute pericarditis (AP), and 100 cases of digitalis effect in left ventricular hyper- 
trophy (DE). In each case the classification was supported by clinical data. 
The recording instrument was a Sanborn Viso-Cardiette. 


METHOD OF OBTAINING CARDIAC VECTORS 


Each cardiac vector* is obtained from the limb-lead electrocardiogram by 
means of the circular reference system as used before.':?:> This system} (Fig. 1) 
consists of six concentric circles representing, from within outward, limb leads 
I, II, II], and aVr. Each circle consists of one white semicircle cor- 
responding to the positive (net) area, one dotted semicircle corresponding to 
the negative (net) area, and two demarcation lines corresponding to zero potential 
or transitional complex. After determining these polarities of a given electro- 
cardiographic deflection in all six limb leads it is quite easy to obtain the cor- 
responding vector in this system. The twenty-four possible directions are marked 
at the periphery. This system is constructed from the Einthoven triangle for 
the frontal plane. A more detailed description of the method and construction 
of this system were presented in the previous study.! 


From the Cardiovascular Service, University of Texas Medical School, Galveston, Tex. 
Aided in part by a grant from the H. H. Weinert Fund for Cardiovascular Research. 
Received for publication Aug. 4, 1958. 

*Indicates the direction of Ashman area vector; no magnitude is concerned. 

tSupplied gratis, separately for convenient use by the Sanborn Company, Waltham, Mass. 
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+90° 


Fig. 1.—The circular reference system, 


Fig. 2.— An example of QRS’ vector and QRS” vector in AMI. 
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OLD ANTERIOR MYOCARDIAL INFARCTION 


Two main QRS vectors in the frontal plane may be distinguished in this 
type of limb-lead electrocardiogram. The first main QRS vector points away 
from the site of the infarct; the second main QRS vector indicates the general 
direction of the remaining ventricular activation. These two vectors will be 
called QRS’ and QRS” vectors, respectively. 


T T T T T 
150° 180° 


T T 
30° 60° 90° 120° 


Fig. 3.—Percentage incidence of QRS’ vector and QRS” vector in AMI. Solid curve represents 
QRS’ vector, dashed curve QRS” vector. Concentric circles represent percentage, from within out- 
ward, 10%, 20%, etc. (The same obtains in the following corresponding figures except as otherwise 
noted.) 

Fig. 4.—-Percentage incidence of the angle between QRS’ and QRS” in AMI. 


Fig. 2 illustrates the two main QRS vectors that were obtained by means 
of the circular reference system from respective area polarities recorded in the 
six limb leads. The QRS’ vector is represented by an arrow with a white head, 
and the QRS” vector is represented by an arrow with a black head. 


| 

: Fig. 4. *° 


oes CARDIAC VECTORS IN FRONTAL PLANE 69 


Table I-A* summarizes the two main vectors and the angle between them 
from each of the hundred limb-lead electrocardiograms. The directional inci- 
dences (in percentage) of QRS’ and QRS” are given in Table I-B; the angular 
incidence (in percentage) in Table I-C. Table V presents the average values. 

The percentage incidences of QRS’ and QRS”, and the percentage incidence 
of the angle are diagrammed in Figs. 3 and 4, respectively. 


OLD POSTERIOR MYOCARDIAL INFARCTION 


Two main QRS vectors may be distinguished in this type of limb-lead elec- 
trocardiogram. The QRS’ vector points away from the site of the infarct; the 
QRS” vector indicates the general direction of the remaining ventricular activa- 


tion. 


Fig. 5.—An example of QRS’ vector and QRS” vector in PMI. 


Fig. 5 illustrates the two main vectors within the circular reference system 
from corresponding QRS polarities of the electrocardiogram mounted below. 
The white arrow head represents the QRS’ vector, and the black arrow head, 
the QRS” vector. 


*Because of limited space, only Table V is included.. Omitted are Tables I-A, I-B, I-C, II-A, 
II-B, II-C, III-A, III-B, II1I-C, IV-A, IV-B, and IV-C. They are obtainable directly from the authors. 
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Table I-A summarizes the data obtained from a total of 100 limb-lead elec- 
trocardiograms. The directional incidences (in percentage) of the two main 
vectors are presented in Table II-B; the angular incidence in Table II-C. Table 
V shows the average values. 

The percentage incidences of the two main vectors and the percentage inci- 
dence of the angle are diagrammed in Figs. 6 and 7, respectively. 


T T T T T T T 
30° 90° 120° 150° 180° 


Fig. 6.—Percentage incidence of QRS’ vector and QRS” vector in PMI. 
Fig. 7.—Percentage incidence of the angle between QRS’ and QRS” in PMI. 


ACUTE PERICARDITIS 


In acute pericarditis the inflammed epicardium creates an ST vector which 
presumably points in the general direction of the ventricular activation. Fig. 8 
illustrates the ST vector obtained in the circular reference system from the cor- 
responding ST polarities recorded in the electrocardiogram mounted below. 
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Table III-A gives the ST vectors from 100 limb-lead electrocardiograms. In 
addition, this table presents QRS vectors, T vectors, angles between ST and QRS, 
and angles between QRS and T, from corresponding electrocardiograms. The 
directional incidences (in percentage) of the ST vector, QRS vector, and T vector 
are presented in Table III-B. The angular incidences between ST and QRS 
vectors, and between QRS and T vectors are shown in Table III-C. The average 
values are given in Table V. 

The percentage incidence of the ST vector is diagrammed in Fig. 9, and those 
of ORS and T vectors in Fig. 10. In Fig. 11,A is diagrammed the percentage 
incidence of the angle between ST and QRS vectors, and in Fig. 11,B, that 
between ORS and T vectors. 


Fig. 8.—An example of the ST vector in AP. 


DIGITALIS EFFECT IN LEFT VENTRICULAR HYPERTROPHY 


The ST vector caused by the administration of digitalis is presumably op- 
posite to the QRS vector. Fig. 12 illustrates the ST vector and the QRS vector 
obtained in the circular reference system from corresponding polarities recorded 
in the electrocardiogram mounted below. The black arrow head indicates the 
ST vector, and the white arrow head indicates the QRS vector. 

Table IV-A summarizes the data concerning the ST vector, the QRS vector, 
and the angle between them, from 100 limb-lead electrocardiograms. The direc- 
tional incidences (in percentage) of the ST vector and QRS vector are presented 
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in Table IV-B; the angular incidence (in percentage) is presented in Table IV-C. 
The average values are given in Table V. 

The percentage incidences of the ST vector and QRS vector are diagrammed 
in Fig. 13, and those of the angle are diagrammed in Fig. 14. 


Fig. 9.—Percentage incidence of the ST vector in AP. 
Fig. 10.—Percentage incidence of QRS vector and T vector in AP. Solid curve represents QRS vector, 
dashed curve T vector. 
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Fig. 11.—A, Percentage incidence of the angle between ST and QRSin AP. _ B, Percentage incidence of 
the angle between QRS and T in AP. 
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GENERAL COMMENTS 


All of the figures seem to be self-explanatory. Four of them are illustrative 
examples, five concern percentage incidences of certain cardiac vectors in the 
frontal plane, and four show the percentage incidences of various angles between 
cardiac vectors. Fig. 1 is the circular reference system. Fig. 15 will be dealt 
with briefly later. 

Average values of cardiac vectors and angles are calculated in Table V. 
In old myocardial infarction, both anterior and posterior, are given the average 
QRS’ vector, the average QRS” vector, and the average angle defined by these 
two vectors. In acute pericarditis and digitalis effect the average ST vectors 
are given. In addition, in acute pericarditis the average of QRS vector, T vec- 
tor, the angle between ST vector and QRS vector, and the angle between QRS 
vector and T vector are given, and in digitalis effect the average of QRS vector, 
and the angle between ST vector and QRS vector are given. 


Fig. 12.—An example of ST vector and QRS vector in DE. 


In a previous study! the normal range of the T vector was between 0 degree 
and +90 degrees within the left lower quadrant. In old anterior myocardial 
infarction 28 per cent of the T vector was out of this range; in old posterior myo- 
cardial infarction this was 34 per cent. Diphasic or isoelectric T waves in all 
limb leads were observed, with 7 per cent in the former and 9 per cent in the latter. 
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In acute pericarditis the percentage incidence of the ST vector (Fig. 9) 
ranged within the left lower quadrant. This range was similar to those of QRS 
vector and T vector in the same electrocardiograms (Fig. 10), as well as in normal 
electrocardiograms from the previous study.! Therefore, the ST vecter assumed 
practically the same direction as the mean ventricular depolarization and re- 
polarization, and the ventricular activation was not altered in acute pericarditis. 


o% 


T T 
180° 


Fig. 13.—Percentage incidence of ST vector and QRS vector in DE. Solid curve represents QRS vector, 
dashed curve ST vector. 
Fig. 14.—Percentage incidence of the angle between ST and QRS in DE. 


In left ventricular hypertrophy with digitalis effect the percentage incidence 
of the QRS vector (Fig. 13) assumed nearly the same range as in an analogous 
study without digitalis effect.1 Thus, the administration of digitalis did not 
influence appreciably the QRS vector, but did create an ST vector that was op- 
posite in direction to the QRS vector. 
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In the monograph of Grant‘ one figure illustrates the directional range of 
the QRS’ vector in myocardial infarction in the frontal plane. This is shown 
modified in Fig. 15,4. The broken black circle indicates the directional range. 
The circles of the limb leads I and III are added, thus permitting the correlation 
between directional range and Q, or Q3. 


Fig. 15.—A, Directional range of QRS’ vector in myocardial infarction (Grant,‘ 1957, modified). 
The circle of limb lead I is within the circle of limb lead III. B, Percentage incidence of QRS’ vector in 
myocardial infarction. 


TABLE V. AVERAGE VALUES OF VECTORS AND ANGLES 


Anterior Myocardial Infarction 
average QRS’ vector 
average QRS” vector 
average angle 

Posterior Myocardial Infarction 
average QRS’ vector 
average QRS” vector 
average angle 

Acute Pericarditis 
average ST vector 
average QRS vector 
average T vector 
average ST-QRS angle 
average QRS-T angle 

Digitalis Effect 
average ST vector 
average ORS vector 
average ST-QRS angle 
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In the present study the two types of infarction may be considered together 
for obtaining the percentage incidence of the QRS’ vector in myocardial infarc- 
tion in the frontal plane. This is shown in Fig. 15,B. Within the directional 
range of Grant this figure shows, in addition, the incidence in percentage. 

In a few cases of myocardial infarction confirmed at autopsy, Grant found 
the angle between the QRS’ vector and QRS” vector was larger than 100 degrees 
in the absence of any suspicious Q wave in the limb leads. He believes that the 
wide angle is of diagnostic value. The absence of a suspicious Q wave could be 
easily visualized in Fig. 15,4. For example, should the QRS’ vector point to- 
ward +90 degrees, there would be neither Q; nor Q3. 

The wideness of the angle between QRS’ vector and QRS” vector was attrib- 
uted to the peri-infarction block, since the QRS” vector would point toward 
the site of the infarction and result in a wide angle between this vector and the 
QRS’ vector. In the present study the average angle was larger than 100 degrees, 
being 150 degrees in anterior myocardial infarction and 122 degrees in posterior 
myocardial infarction. 


GENERAL CONCLUSIONS 


Our present study, as were our previous publications,':* is concerned with 
the vectorial interpretation of routine electrocardiograms in two or three dimen- 
sions. The methods used and the results obtained are principally in agreement 
with the work of Robert P. Grant.‘ In addition, we studied percentage inci- 
dences of various cardiac vectors and of angles between certain vectors, mostly 
in the frontal plane. 

For the sake of simplicity and uniformity it is recommended that the cir- 
cular reference system for vector studies in the frontal plane from the six limb 


jeads be used. 


We wish to thank Mr. George W. Newman and his staff in the Department of Medical 
Illustration for making these drawings. 
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A Pitot-Static Method for Computation of Blood Velocity and Flow: 
Preliminary Report 


J.C. Breme, M.D.,* and K. V. S. Rao, M.D.,** Camden, N. J. 


SYNOPSIS 


The accurate quantitation of the degree of regurgitation in dynamically 
significant aortic insufficiency has long been desirable. Preliminary studies 
indicate that it may be possible using a Pitot-static system of velocity and flow 
determinations computed in forward and reverse directions at the aortic root. 


INTRODUCTION 


It would be of considerable practical value if instantaneous axial velocity 
and flow could be computed at the aortic root. If this could be done in a forward 
direction without altering normal dynamics, then it is reasonable to assume that 
a similar method could be applied in a reverse direction. Correlation of the two 
flow patterns could then be applied to quantitate the degree of regurgitation 
through the aortic valve. 

Experimentally, Shipley and co-workers" used an orifice-type flowmeter 
to study velocity and flow patterns in various peripheral vessels, recording 
the flow optically. Their conclusion was that backflow consistently existed in the 
femoral and axillary arteries, while no backflow was apparent in renal, hepatic, 
and superior mesenteric arteries. In 1936, Machella,'* using a hot wire anemom- 
eter in the ascending aorta of dogs, recorded flows of a time-velocity sequence. 
However, this instrument failed to differentiate between forward and backward 
flow and appeared to show inadequate frequency responses. 

In 1952, Richardson,” using a modified electromagnetic flowmeter as 
originally developed by Wetterer,'!® in Germany, and by Kolin,!* in America, 
recorded blood flow in two directions, reporting errors of less than +5 per cent. 
A modification of a square wave electromagnetic flowmeter was utilized by Spencer 
and Dennison* in recording flow patterns in the dog’s descending aorta, while 
McDonald” derived velocity curves by photographing air bubbles passing along 
the rabbit aorta. 


This project was supported by the Pfeiffer Foundation and the New Jersey State Department of 
Health. 
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Again in 1955, McDonald" recorded two points simultaneously in the dog’s 
femoral artery and calculated flow curves from the pressure gradients using 
equations developed by Womersley.’ More recently, a catheter-tip method of 
measuring instantaneous aortic velocity and flow was developed by Fry and 
co-workers.’ 

The use of dye dilution curves in the attempted quantitation of aortic 
insufficiency has been reported by Warner and Toronto,!’ but it would seem that 
this method has certain inherent fallacies and demands gross assumptions 
which would appear to invalidate the system as now constituted. 

With the exception of Fry’s method? the major disadvantage of using flow- 
meters of any type is direct cannulation of the vessel itself. Placement of a flow- 
meter in a peripheral vessel is not quite as difficult as placement at the aortic 
root, where normal dynamics are altered in aortic insufficiency. Regarding 
electromagnetic flowmeters, McDonald" has stated unequivocally that they are 
“definitely inaccurate.’"’ The majority of published velocity and flow curves 
have been recorded by direct ink-writing pen motors (i.e., Brush Recorder) which 
have sharply limited frequency responses of above 100 cycles per second. This 
is a minor disadvantage. 

Since it is virtually impossible to find anywhere in the literature any note 
as to what type of pressure is being recorded, it is reasonable to assume that 
it is probably static pressure. Primarily, static pressure has been measured by 
placing pickup points a finite distance apart and calculating velocity and flow 
curves from pressure gradients and Ap across these pickup points as the pulse 
wave is transmitted. 

Since many variable and not clearly understood factors are involved in 
this method (i.e., inertia, viscosity, pulsatile type of flow, space and time dif- 
ferentials, etc.), it was thought that a different approach might offer a satis- 
factory solution. Instead of using space or time differentials, Ap or pressure 
gradients involving one type of pressure, we are calculating velocity and flow 
by recording two different types of pressure pulses at the same instant. Justifica- 
tion for this method is based upon well-established physical principles. 


THEORY 


The fundamental equation of all hydrodynamics is Bernoulli's equation, 
which is the application of Newton’s second law of motion to the particles of 
liquid in a tube of flow. Without entering into any discussion about its deriva- 
tion, suffice it to say that Bernoulli’s principle may be found in any standard 
text on physics or fluid dynamics. It has been shown that Bernoulli’s equation 
is valid regardless of whether the fluid is compressible or incompressible. 

This equation may be written mathematically as follows: 


pb + pgh + as = constant (1) 


or for purposes of many applications it is convenient to write Equation 1 as: 


p. + + = + + (2) 


j i 
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The first term represents the potential energy per unit mass of the liquid due to 
pressure. The second is the potential energy per unit mass of the liquid in the 
earth’s gravitational field, and the last term is the kinetic energy per unit mass 
of the liquid. The sum of the potential and kinetic energy per unit mass has the 
same value at different points of the same tube of flow. 

Numerous applications of Bernoulli’s principle are possible, but we are 
interested in that which concerns fluid velocity streaming around an obstacle, 
i.e., a Pitot-static tube. Fig. 1 shows the application of a Pitot-static tube as it 
would be used to measure the velocity of a liquid flowing in a tube. The 
pressure at the left arm of the manometer, whose opening is parallel to the direc- 
tion of flow, is the static pressure, or that equal to the pressure in the stream. 


Fig. 1.—Application of a Pitot-static tube as used to measure the velocity of a liquid flowing in a tube. 
See text. 


The pressure in the right arm, whose opening is at right angles to the direction 
of flow, is the Pitot or ram (directional) pressure and may be computed by apply- 
ing Bernoulli's equation to points x and y. If v = the velocity of the stream, 
p= the density of the liquid in the stream, and Px = the pressure at point x, then 


Py = Px + -& (3) 
The velocity at point y, of course, is zero. The liquid in the manometer becomes 
displaced (h) as shown, since Py is greater than Px. If p.= density of the liquid 
in the manometer, and h = difference in height as shown, then 


Py = Px + pogh (4) 


v in terms of measurable quantities the 


Combining Equations 3 and 4 to get 
result becomes 


po gh = $pv’ or 


/ h (5) 
where po = density of mercury (13.6), p = density of blood (1.040 to 1.055), 
h = height of a column of H2O in cm. (Py — Px), and g = acceleration due to 
gravity (980 cm./sec.’). 


4 
+ 
ae 
x 
bad 
T 
h 
| 
| 
4 


Am. Heart J. 
80 BREME AND RAO January, "es 


It should be understood at this point that when we “measure a pressure,” 
we are actually measuring the “height” of a displaced column of liquid (mercury 
in this case) as a result of an applied pressure being exerted upon that liquid. 

Velocity is commonly expressed, in relation to blood flow, as centimeters 
per second (cm./sec.). Since both sides of any equation must be expressed in the 
same terms, it becomes necessary to reduce the right side of Equation 5 to cm./sec. 
Static calibration of our Pitot-static elements were carried out with water (H.O), 
whose density at room temperature is 0.998. For purposes of simplicity, in order 
to obtain a constant, unity was used as p. 

Since pressures are measured in millimeters of mercury (mm. Hg), and h in 
Equation 5 is in cm. H,O, then 


x x 980 he, 


= 51.6 hu, (6) 


Both sides of Equation 5 are now expressed in the same terms, viz., cm./sec. 
Equation 6 will hold for water or any other liquid where p= 1. 

Any well-designed Pitot-static element may record velocities greater or 
less than they actually are. Therefore it becomes necessary, by static calibration 
of each element, to obtain a factor for completion of Equation 6. This calibration 
factor (F) will remain constant for eachelement, regardless of velocity. Equation 
6 now becomes 


V = 51.6 hu, X F (7) 


where 51.6= constant if p= 1,h y,= height of acolumn of Hg in mm. (Py — Px), 
and F = calibration factor of P/S element. 

If the velocity in a tube of flow is known, it is a simple matter to compute 
flow, provided the area of the tube is also known. 

Equation 7 would appear to be valid for any liquid, with only the value 
of the constant (51.6) changing, depending upon the density of the liquid in the 
tube of flow. This equation will, however, measure velocity in one direction 
only. In aortic insufficiency it would be necessary to measure flow velocities 
in two direction, so that it bececmes mandatory to combine with a forward flow 
element a second element which would record backflow. Obviously, the constant 
would remain unchanged, but F would be different and h variable, provided p is 
constant. It would now be theoretically possible to measure flows in two direc- 
tions and thus compute the ratio of regurgitant to forward flow. 

It should be stated that in a steady state, velocity and pressure at a given 
point of space do not change with time. However, if the pressure varies from 
point to point in a tube of flow, this variation of pressure with position results 
in a force acting on the particles of the liquid in the tube, which accelerates them. 
Besides this force there are also body forces acting on the liquid. 


METHOD AND MATERIALS 


As described previously, it is necessary to establish a static calibration factor for each element 
made. A semirigid system was used, consisting of heavy rubber tubing and glassware of known 
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internal diameter. This was hooked up to a water tap providing variable but known and steady 
flow rates, with the intake and discharge outlets at the same height above floor level. Two pressure 
manometers (Statham P23AA) of the strain gauge type were hooked up to strain gauge amplifiers 
and adjusted to equal sensitivity by attenuation of the more sensitive one. These transducers 
were also on the same level as the system. Prior to recording, using a cathode-ray oscilloscope on a 
Research Recorder*, the amplifiers were allowed at least one hour “warm-up” time in order to 
keep drift toa minimum. The recording characteristics of the instruments are quite satisfactory 


and frequency responses are above 1,000 cycles per second. 


out 


rubber tubing 


glass tubing 


static tube 


reyerse pitat 


fo drip bottle 


to amplifier. 


Fig. 2.—Schematic diagram of the system used for static calibration of elements. All components of the 


system are on an equal level above the floor. See text. 


The Pitot- and reverse Pitot-static elements, connected to three No. 6 Lehman catheters, 
were then inserted into the glass tubing section of the system and held rigidly in place by a spring 
clip which kept the element tip in the center of the tubing and at right angles to the direction of 
flow. The opposite ends of the catheters were connected by three-way stopcocks to the Luer 
jock tip of the plastic pressure domes on the transducers, and the entire system was carefully 


_—. 


*Manufactured by Electronics for Medicine, White Plains, N. Y. 
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checked for air leaks and bubbles. This, on occasion, proved to be a very tedious and time- 
consuming process, with the three-way stopcocks on the pressure domes providing most of the 
trouble, so that it became necessary a number of times to replace loose cocks with tight ones to 
prevent air leaks (Fig. 2). 

A continuous drip through the catheters was started, and flow through the system was then 
instituted at a known and steady flow rate. Base lines were stabilized, with minimal drift in a 
range which would provide the least resistance and most sensitivity in the circuit in order to 
provide for adequate separation of traces. Sixty-cycle hum and artifacts were eliminated as much 
as possible by passage through a filter circuit provided on the amplifiers. With this method, 
pressures could be measured in increments of 0.1 mm. 


Ex: 


Fig. 4.—A, Trace No. 74 with an observed flow of 216.1 c.c./sec. and calculated flow of 234.5 
c.c./sec. (Table I). Recorded during static calibration of P/S element No. 3. P = Pitot pressure. 
S = Static pressure. B, Trace No. 89 with an observed flow of 204.2 c.c./sec. and calculated flow of 
153.1 ¢.c./sec. Recorded during static calibration of P/S element No.3. Flowreversed. RP = Reverse 
Pitot pressure. S = Static pressure. 
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Ninety-eight traces were recorded at varying known flow rates in both the Pitot and reverse 
Pitot elements. Both Pitot and static pressures were measured at 8 to 10 different points on each 
trace, and the mean taken as true pressures. Calculated velocity and flow was then compared 
to known velocity and flow on each trace, and again the mean of all traces was taken as most 
accurate. This, then, gave a calibration factor for each element which would remain constant 


regardless of flow rates. 
Mean error between known and calculated flow rates was calculated in order to check the 


accuracy of the element (Tables I, IT, III, IV). 
Flow rates were adjusted to vary between 5,000 and 20,000 c.c./min. 
Fig. 3. shows a detailed drawing of the Pitot- and reverse Pitot-static element. 


Fig. 5.—The element as attached to the catheter tip and ready for use. 


DISCUSSION 
Tables I to IV represent the accumulated data for static calibration 
on element No. 3. The first two elements that were made were discarded because 
of the roughness of the internal bore. This had a tendency to clot formation 
at the tip of the element, producing very damped traces at the aortic root of 
dogs during dynamic recordings. 

Traces were discarded if one or more of the following factors were present: 
(1) manometric drift of more than 0.1 mm.; (2) base-line shift of more than 
0.1 mm.; (3) failure of prompt return to base line at termination of recording; 
(4) excessive amount of unfilterable 60-cycle hum or artifacts making pressure 
measurement difficult; (5) poor development of traces due to over- or under- 
exposure of the photographic paper; (6) thickness of the traces from too great 
intensity of the recording camera beam. As a result of these factors, about 45 
per cent of the traces recorded were rejected and only those were used which did 
not show any source of significant error. 

It can be seen from Tables I and III that the calibration factor correlates 
quite closely at various flow rates. In Table I, using the Pitot element only, 
calculated velocity and flow at every instant is considerably greater than known 
velocity and flow, while in Table III, using the reverse Pitot element, the reverse 
is true. This would, of course, produce a calibration factor (F) of less than 1 in 
forward direction and greater than 1 in reverse direction. This factor should 
remain constant in each direction regardless of velocity or flow. 

McDonald" reported a gross error of 10 to 15 per cent between calculated 
and observed flow rates, using the rather difficult Fourier analysis and Bessel 
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functions as derived by Womersley.’ Richardson and co-workers," using a modi- 
fied electromagnetic flowmeter, claim the instrument will record linear flow 
in two directions with an error of less than =5 per cent. Static calibration with 
the Pitot and reverse Pitot elements indicates a mean error of 2.476 per cent in 
the former and 4.287 per cent in the latter. Provided the per cent error re- 
mains the same with dynamic calibration, then calculated velocity and flow 
using Pitot-static measurements should closely approximate actual velocity and 
flow. 

In view of this relatively different approach to the problem of aortic flow 
determination, it would be well to critically appraise the Pitot-static system of 
pressure recording on static flow only: (1) Bernoulli’s principle will hold regard- 
less of the type of flow (pulsatile or steady) and will remain valid for a compres- 
sible as well as incompressible fluid. Formulae derivations are based upon estab- 


TABLE I. CALIBRATION FACTOR ON P 


de 


Go Ge 00 00 00 


Factor (F) = 8.99 x 107). 
P = Pitot pressure. S = Static pressure. h= P—S. V.= Velocity calculated (cm./sec.). V,. = 
Velocity observed (cm./sec.). Qc = Flow calculated (c.c./sec.). Go = Flow observed (c.c./sec.). 


TABLE II. PER CENT OF ERROR (CALCULATED VERSUS OBSERVED FLow) 


Ge | 
| 


146.5 
183.0 
181.4 | 
176.0 
202.5 | 
203.5 
211.5 | 
213.2. | 
210.8 
220.4 

228.5 | 


+E = 2.528% 
—E= 3.023% 
E (mean) = 2.476% 


Factor (F) = 8.99 X 107! (P). 


ei 
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| 
TRACE | P | s | h | Ve | Vo = | do F a 
58 4.90 163.0 152.8 0.938 
62 7.75 203 176 0.867 
63 8.20 199.4 176 0.883 ee 
64 7.10 195.9 176 0.900 We 
65 10.72 225 201.5 0.895 ‘an 
66 11.12 226.5 201.5 0.890 i 
67 10.91 235.5 201.5 0.856 ie 
73 12.26 236.5 216.1 0.914 mes 
74 11.90 234.5 216.1 0.922 —_ 
75 13.27 245 216.1 0.883 oad 
78 13.73 | | 254 238.5 | 0.940 ro A 
| TRACE Ve | Vo do | E ‘4 am 
58 64 67 4.120 = 
62 80 77 +3.820 
63 79 77 42.950 
| 64 77 77 0.000 Sa 
65 89 88 +0.496 
66 89 88 +0.994 
67 93 88 +4.960 ee 
| 73 93 95 —1.342 ia 
74 92 95 —2.450 : 
75 97 95 +1.950 
78 = 105 —4.180 
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lished physical principles. (2) Pitot pressure will always be recorded higher than 
static (lateral) pressure, which by theory and derivation should be and is true. 
(3) Static calibration traces show positive pressures. (4) Camera speed in the 
Research Recorder appears sufficient for reasonably accurate separation of traces. 
(5) The margin of error between calculated and observed rates of flow is within 
the limit of human and mechanical error. (6) Tubing length and/or bore does 
not appear to produce critical damping of the traces. (7) Strain gauge amplifica- 
tion is adequate enough to measure pressures to 0.1 mm. at pressures up to 20 
mm. Hg, using amplitudes of least resistance and highest sensitivity in the circuit. 
Accuracy at higher pressures and pulsatile flow is being studied at present, and 
it is possible that a differential pressure transducer may have to be built. (8) 
Instantaneous axial velocity and flow, as well as mean velocity and flow, may be 
calculated at any point desired in the tube of flow. (9) Base-line shift and/or 
manometric drift may, with low circuit resistances, produce errors of up to 30 


TABLE III. 


CALIBRATION FACTOR ON RP 


Ve de 
88 2.440 0.770 1.670 66.7 90 151.5 204.2 1.348 
89 2.410 0.700 1.710 67.4 90 153.1 204.2 1.333 
90 2.325 0.665 1.660 66.5 90 151.1 204.2 1.352 
91 2.325 0.440 1.880 70.7 90 160.7 204.2 1.272 
92 1.920 0.320 1.600 65.3 90 148.4 204.2 1.378 
93 3.465 0.830 2.635 83.8 106 190.4 241 1.265 
94 3.240 0.665 2.575 82.8 106 188 241 1.282 
95 2.220 0.220 2.000 73.0 106 165.8 241 1.453 
96 2.165 0.150 2.015 73.2 106 166.1 241 1.452 
97 2.395 0.300 2.095 74.7 106 169.7 241 1.422 
98 3.075 0.340 2.735 85.3 106 193.7 241 1.245 


Factor (F) = 1.346 
RP = Reverse Pitot pressure. S = Static pressure. h = RP-S, 


TABLE IV. PeR CENT OF ERROR (CALCULATED VERSUS OBSERVED FLow) 


TRACE Ve Vo Ge | do E 
| 
88 89.7 90 204 204.2 —0.001 
89 90.6 90 205.9 204.2 +0.832 
90 89.4 90 203 .2 204.2 —0.489 
91 95.2 90 216.1 204.2 +5.820 
92 87.9 90 199.8 204.2 —2.152 
93 112.8 106 256 241 +5.770 
94 111.4 106 252.9 241 +4.700 
95 98.2 106 223 ° 241 —7.470 
96 98.5 106 223.6 241 —7.220 
97 100.6 106 228.4 241 —5.225 
98 114.8 106 260.5 241 +7.480 
+E = 4.920% 
—E = 3.759% 


E (mean) = 4.287% 


F = 1.346 (RP). 
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per cent in calculated flows if the base line is off more than 0.25 mm. (10) 
Higher velocities tend to produce vibration in the pickup element, which, in 
turn, is transmitted to the trace despite filtering electrically to eliminate such 
artifacts. In further studies on dynamic flow patterns in the dog aorta, velocity 
has apparently not been high enough to produce such disturbing features. The 
results of these latter studies will be published in a separate paper. 


SUMMARY 


A catheter-tip method, as originally described by Fry,? would appear 
to be the only practical means of measuring instantaneous axial velocity and 
flow at the aortic root. The difference in features is that the reported method 
here measures velocity and flow at any instant by recording two different types 
of pressures simultaneously, viz., Pitot and static pressures, while Fry’s method 
measures one type of pressure at two separate pickup points a finite distance 
apart and the velocity is calculated by transmission of the pulse wave between 
these two points using a modification of the Navier-Stokes Law. 

Direct cannulation of the aorta at its root and measurement of velocity 
by various types of flowmeters seem virtually impossible without disturbing 
basic physiology. Placement of a flowmeter in the vessel would be a major 
undertaking, necessitating the opening of the chest. 

The theory behind, and formulae for, computing velocity and flow by a 
Pitot-static method have been presented. Verification is based on well-estab- 
lished physical principles. This method should also be applicable for reverse flow. 

Practical aspects of this method are now being studied in normal dogs, 
and ultimately they will be studied in dogs with surgically produced aortic 
insufficiency. 


The Pitot-static elements were designed and built by Mr. A. F. Cary, President, L. & O. 
Research and Development Company, Wayne, Pa. The authors would like to express their 
thanks to Miss Susan Nungesser for invaluable technical assistance. 
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Sensitization by Dihydrotachysterol (DHT) and Calcium Acetate for the 
Induction of Cardiac Lesions by Various Agents 


H. Selye, M.D., E. Bajusz, M.D., S. Renaud, D.M.V.,* and Y. Lemire, M.D. 
Montreal, Canada 


In a previous paper of this series, we showed that, in rats, the oral administra- 
tion of NaH.PO, qualitatively alters the cardiotoxic actions of certain vitamin-D 
derivatives, such as dihydrotachysterol (DHT), so that an acute, purulent 
myocarditis results.!. It has been found, furthermore, that the production of an 
Electrolyte-Steroid-Cardiopathy with Necroses (ESCN) by combined treatment 
with certain corticoids and “sensitizing sodium salts’ is greatly enhanced in 
rats exposed to various stressor agents or given dietary supplements of fats or 
carbohydrates.’ 

In this communication, we wish to report upon experiments which show that 
in rats given calcium acetate instead of sodium phosphate, otherwise ineffective 
amounts of DHT also produce a suppurating myocarditis, although the pattern of 
the accompying soft-tissue calcification is somewhat different. It will be seen, 
furthermore, that the cardiac damage caused by calcium acetate plus DHT— 
like that of the ESCN that is induced by corticoids plus sodium salts—can be 
precipitated by various stressors and by the oral administration of corn oil or glu- 


cose supplements. 


MATERIALS AND METHODS 


One hundred sixty female Sprague-Dawley rats, with an average initial body weight of 100 
grams (range: 94 to 109 grams), were subdivided into 16 equal groups and treated as indicated in 
Table I. 

Calcium acetate (1 mM.), dihydrotachysterol, or “DHT,” (25 ug), and glucose (600 mg.) 
were all administered in 2 ml. of water, by gavage, twice daily, throughout the experiment. The 
animals that were to be treated with calcium acetate plus DHT simultaneously received the above- 
mentioned doses of the two compounds mixed in 2 ml. of water. Corn oil was administered by 
stomach tube, at the dose of 1 ml., twice daily, throughout the experiment. 

Treatment with the various potentially precipitating agents was initiated on the fifth day, 
since preliminary experiments had shown that by that time, treatment with calcium acetate plus 
DHT alone produces only minimal cardiac lesions and no mortality. The cold baths consisted in 
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immersing the rats in icy water for 5-minute periods, once on the fifth day and twice on the sixth 
day. Noradrenalin was given subcutaneously, at the dose of 300 ug in 0.2 ml. of olive oil, once 
on the fifth day and twice on the sixth day. The restraint procedure consisted in immobilizing 
the rats with adhesive tape, in the prone position on wooden boards for a period of 17 hours, 
beginning on the morning of the fifth day. Motor denervation of all fou. extremities was performed, 
under surgical anesthesia, on the fifth day. 

Throughout the period of observation the rats were fed exclusively on Purina Fox Chow*; 
the experiment was terminated on the seventh day by killing all surviving rats with chloroform. 
Immediately after autopsy, the hearts were fixed in neutral formalin and stained by von Kossa’s 
technique for the histochemical demonstration of calcium on paraffin-embedded sections. The 
cardiac lesions were arbitrarily graded in terms of a scale of 0 to 3; the means of these observations 
(with standard errors) and the percentual mortality rate are summarized in Table I. 


TABLE I. SENSITIZATION BY DIHYDROTACHYSTEROL (DHT) anp CaLcituM ACETATE FOR THE 
INDUCTION OF CARDIAC LEsIONS BY VARIOUS AGENTS 


MORTALITY 
TREATMENT CARDIAC LESIONS (%) 


None 

Cold baths 

Noradrenalin 

Restraint 

Motor denervation 

Corn oil 

Glucose 

DHT 

Calcium acetate 

DHT + Calcium acetate 

DHT + Calcium acetate + Cold baths 
DHT + Calcium acetate + Noradrenalin 
DHT + Calcium acetate + Restraint 
DHT + Calcium acetate + Motor denervation 
DHT + Calcium acetate + Corn oil 
DHT + Calcium acetate + Glucose 


RESULTS 


Perusal of our data (Table I) indicates that no cardiac lesions occurred 
either in the controls (Group I) or in those subjected to motor denervation (Group 
\), treatment with corn oil (Group VI), glucose (Group VII), DHT (Group VIII), 
or calcium acetate (Group IX), alone. Cold baths (Group II), noradrenalin 
(Group III), and restraint (Group IV) induced only minimal lesions when given 
by themselves. 

Treatment with DHT plus calcium acetate (Group X) produced definite 
but mild cardiac lesions, consisting of calcification of the Ménckeberg-sclerosis 
type in the coronary arteries and calcium deposition within the cardiac muscle 
fibers or in their surrounding stroma (Fig. 1). Previous experiments have shown 
that this type of lesion can be produced by various vitamin-D derivatives (in- 
cluding DHT) alone, although without supplements of sensitizing salts much 
larger doses of the sterols are required to obtain calcifications of similar intensity.!* 


*Ralston Purina Company, Ltd., Canada. 
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In addition to tissue calcification, there were, in the myocardia of most of the 
animals treated with DHT plus calcium acetate, definite inflammatory, suppu- 
rating lesions, with extensive fiber necrosis and massive infiltration with poly- 
morphonuclear leukocytes. These changes cannot be produced even with fatal 
doses of DHT alone. 


Fig. 1.—Cardiac lesions produced by calcium acetate plus DHT, under various circumstances. 
A, Small artery in the wall of the right ventricle of a rat treated with calcium acetate plus DHT (Group 
X). B, Corresponding coronary vessel of a rat which, in addition to treatment -with calcium acetate 
plus DHT, was exposed to the stress of cold baths (Group XI). The lumen of the artery is dilated, and 
the wall more heavily calcified than in the previous section. C, Heavily calcified and inflamed sub- 
endocardial nodule from the heart shown in B (all sections, von Kossa technique). 
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The same type of cardiac and coronary lesions occurred, but with signifi- 
cantly greater intensity in the rats which were treated with cold baths (Group 
XI), noradrenalin (Group XII) (Fig. 2), restraint (Group XIII), motor denerva- 
tion (Group XIV), oil (Group XV) or glucose (Group XVI), in addition to the 
DHT plus calcium acetate. 

Neither DHT nor calcium acetate alone produced any appreciable degree of 
nephrocalcinosis, but the kidneys of the rats treated with DHT plus calcium 
acetate exhibited extensive calcification, mainly in the stroma of the cortical 
region. Calcium deposition with the tubules at the corticomedullary junction 


Fig. 2.—Intense calcium deposition in the heart of a rat treated with noradrenalin following sen- 
sitization by calcium acetate plus DHT (Group XII). A, (Insert) General view of the calcium deposi- 
tion which affects the arteries and muscle fibers throughout the width of the right ventricle. Note 
again the dilatation of the rigid, calcified coronary arteries. B, High magnification of a region from the 
heart shownin A. Near the bottom of the field there is an artery from which strands of calcified tissue 
appear to invade the adjacent myocardium. Near the top, the entire muscle fibers are impregnated with 
calcium. C, Another region from the same heart. Here, the muscle fibers are calcified in the left, and 
the perimuscular connective tissue in the middle, portion of the field (all sections, von Kossa technique). 
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line—such as occurs in rats treated with DHT plus NaH2PO,!*—was absent 
or negligible in the animals of the present experimental series. In this respect, 
therefore, calcium acetate cannot replace NaH,PO;. The intensity of the nephro- 
calcinosis produced by DHT plus calcium acetate (Group X) was not signifi- 
cantly altered by any of the agents administered to the rats of Groups XI—XVI; 
hence, the corresponding figures are not listed in the table. 

Deaths occurred only in the groups which, in addition to DHT plus calcium 
acetate, were treated with one of the agents capable of precipitating the devel- 
opment of cardiac lesions. 


DISCUSSION 


It is obvious from these observations that calcium acetate can replace sodium 
phosphate as a sensitizing agent for the production of myocardial and coronary 
calcification, as well as suppurating myocarditis, in the rat. Still, there is a 
difference between the two salts as regards their effect upon the course of DHT 
intoxication: calcium acetate produces a greater degree of soft-tissue calcification 
and an almost exclusively cortical nephrocalcinosis, owing to the deposition of 
insoluble calcium salts in the stroma of the renal cortex, while NaH2PO, produces 
a more intense myocarditis and calcium deposition within the tubular lumina, 
particularly at the corticomedullary junction line. This difference is apparently 
due to the fact that although DHT sensitizes tissue for calcification under the 
influence of an excess of either calcium or phosphate, the two ions have different 
tissue affinities. 

Evidently, after sensitization by DHT plus calcium acetate the most diverse 
agents can precipitate intense cardiac lesions and cause high mortality. Pre- 
sumably, the eliciting or precipitating effect is rather nonspecific and largely 
due to stress. This explanation appears to be particularly probable as regards 
the precipitation of cardiac lesions by cold baths, restraint, and motor denervation. 

Adrenergic hormones are known to produce a Ménckeberg-type of arterial 
calcification in some species (e.g., the rabbit) but not in the rat. However, 
threshold doses of DHT plus calcium acetate can so sensitize the cardiovascular 
system of the rat that this normally insensitive species reacts to noradrenalin as 
does the naturally sensitive rabbit. 

Nothing is known about the mechanism through which oral administration of 
fat and carbohydrate elicits cardiac lesions in rats conditioned with DHT plus 
calcium acetate. It is noteworthy, however, that these same dietary supplements 
are also highly effective in eliciting an ESCN in rats conditioned by otherwise 
ineffective amounts of corticoids plus sodium salts.” 


SUMMARY 


Calcium acetate can replace sodium phosphate as a sensitizing agent that 
permits the production of severe cardiovascular and renal lesions with otherwise 
ineffective doses of dihydrotachysterol (DHT). Still, the effect of the two 
electrolytes is not the same. Under the influence of DHT, sodium phosphate 
induces comparatively little cardiac and vascular calcification, much suppura- 
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ting myocarditis, and a type of nephrocalcinosis that is primarily characterized 
by the formation of calcium casts within the tubular lumina at the corticomedul- 
lary junction line. On the other hand, under the same conditions, calcium ace- 
tate induces only mild myocarditic changes, much calcium deposition in the 
cardiovascular system, and a type of nephrocalcinosis that i is almost exclusively 
limited to the stroma of the renal cortex. 

In rats simultaneously treated with comparatively small doses of DHT plus 
calcium acetate the resulting cardiovascular lesions can be considerably ag- 
gravated by a variety of stressor agents (cold baths, restraint, motor denerva- 
tion). Furthermore, although noradrenalin does not normally produce any 
cardiovascular calcification in the rat, it is highly effective in this respect when the 
animal is pretreated with comparatively small doses of DHT plus calcium 
acetate. 

Finally, the oral administration of corn oil or glucose likewise aggravates 
the cardiovascular effects of DHT plus calcium acetate intoxication; these dietary 
supplements also act upon the course of the DHT plus calcium acetate syndrome 
in the same manner as they were previously shown to act upon the cardiopathy 
induced by corticoids plus sodium salts. 


The authors gratefully acknowledge generous supplies of dihydrotachysterol (‘‘Calcamin’’) 
from Dr. A. Wander, S. A., aad of noradrenalin from the Sterling-Winthrop Research Institute. 
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Some Hemodynamic Observations on a Camel 


K. Braun, M.D., S. Z. Rosenberg, M.D., and S. Stern, M.D., Jerusalem, Israel 


Blood pressure measurements in various small and medium-sized animals 
have been reported by several investigators,'-* but studies on the circulatory 
system of large animals are few in number.’:? Recently, investigations have 
been carried out on the circulation and respiration of the giraffe, which because 
of its long neck presents special physiologic problems.°-" 

In this study some observations on the circulatory and respiratory system 
of another large animal, the Camelus dromedarius, are reported. The electro- 
cardiogram of this animal was the subject of a previous paper.” 


MATERIAL AND METHODS 


The camel studied weighed 225 kilograms. The animal was taken into the laboratory and 
anesthesia was induced by intravenous administration of Pentothal sodium (10 mg./Kg.); light 
anesthesia was subsequently maintained by intermittent administration of the same drug. All 
the examinations were performed with the animal lying on its right side. In order to prevent 
aspiration of the gastric content, and to allow some ventilatory studies, tracheotomy was per- 
formed and a fitting tracheal tube was introduced. The left external jugular vein and carotid 
artery were exposed near the base of the neck. Right heart catheterization was performed after 
heparinization, and localization of the catheter tip was determined according to the height and 
contour of the pressures recorded. The catheter could be wedged into a small branch of the 
pulmonary artery, and it was withdrawn into the main pulmonary artery, right ventricle and 
atrium. Systemic arterial pressure was obtained through an indwelling Cournand needle (No. 18) 
in the left carotid artery. The pressures were measured through a Statham strain-gauge trans- 
ducer, and recorded on a Sanborn Twin-Viso-Cardiette. Blood samples were simultaneously 
withdrawn from the pulmonary and carotid arteries for determination of blood gases and pH. 
The oxygen and carbon-dioxide contents of the blood were determined by the method of Van 
Slyke and Neill"; pH was determined by a Cambridge research pH meter. The partial pressures of 
oxygen and carbon dioxide were calculated by the nomogram of Singer and Hastings.“ Im- 
mediately after the blood samples were obtained, the tracheal tube was connected to a spirometer 
to measure the oxygen consumption and tidal air. Cardiac output was calculated by the Fick 
method. Another cardiac output measurement was made by the dye dilution technique,™-'® 
injecting 0.8 mg. per kilogram of Evans blue through the catheter into the right atrium; blood 
samples were collected every 2 seconds into dried, heparinized test tubes mounted on a disc 
and rotating at a constant speed. 


From the Cardiovascular Unit, Hadassah University Hospital, Jerusalem, Israel. 
This study was carried out with the aid of a Research Grant from the Hadassah Medical Organiza- 
tion, Jerusalem, Israel. 

Received for publication Aug. 18, 1958. 
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RESULTS 


The pressure values in the lesser circulation, right heart, and peripheral 
artery are given in Table I and illustrated in Fig. 1. The results obtained by 
the examination of the blood samples from the systemic and pulmonary artery 
are summarized in Table II. Table III shows the results of some data of the 
respiratory functions. The blood flow and vascular resistances are given in Table 
IV. 
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Fig. 1.—Top: Right ventricular (RV) and pulmonary arterial (PA) pressure tracings. Bottom: 
Pressure record from the carotid artery (CA). Note the marked respiratory variations on the low- 
speed record. 


COMMENT 


Our results show that the height of the blood pressure in the systemic cir- 
culation of the camel is greater than that found in man. Still higher systemic 
pressure values were reported in the giraffe! and in a number of very small 
animals. It appears, therefore, that there is no relationship between the blood 
pressure and the body size. It has been suggested that sustained activity at a 
high level may be accompanied by higher pressures, in order to adapt the car- 
diovascular apparatus to hard work, and that these changes are specific for every 
species. It was also observed that young animals have lower pressures.! Since 
our animal was a young one, it is possible that in the camel higher pressures may 
exist. 

The pulmonary arterial pressure was found to be only slightly higher than 
that in man, and its relationship to the systemic pressure was approximately 
the same as in man and other mammals. This finding is in agreement with the 
observations of Woodbury and Hamilton on mice,! and of Rodbard and asso- 
ciates* on the chicken, turtle, and dog. The latter authors stressed that low 
pulmonary arterial pressure may be maintained in the higher vertebrates because 
of the complete separation of the pulmonary frém the systemic circuit. The 
presence of a high blood flow through the low-pressure area in the pulmonary 
circulation indicates that the pulmonary vascular system of the camel is of low 
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resistance. It is possible that the great distensibility of the pulmonary vascular 
tree is maintained to compensate for the relatively low respiratory minute volume. 

The cardiac output of the camel measured by two different techniques 
revealed values which were expected according to the standard of 100 milliliters 


per kilogram of body weight. 


TABLE I. Systoiic, DIASTOLIC, AND MEAN;PRESSURES IN THE LESSER CIRCULATION, RIGHT HEART, 
AND PERIPHERAL ARTERY 


SYSTOLIC PRESSURE | DIASTOLIC PRESSURE MEAN PRESSURE 


SITE | (MM. HG) (MM. HG) (MM. HG) 
| 
Pulmonary ‘‘capillary” — — 25 
Pulmonary artery | 43 27 34 
Right ventricle 42 10 27 
Right atrium | a — 12 
Carotid artery | 170 133 148 


TABLE II. RESULTS OF THE ARTERIAL AND MIXED VENOUS BLOop Gas ANALYSIS 


MIXED VENOUS BLOOD 


ARTERIAL BLOOD 


O- content (vol. per cent) 
pO: (mm. Hg) 


O, capacity (vol. per cent) 14.00 14.00 
Oz saturation (per cent) 47 23 
CO, content (vol. per cent) 49.96 53.04 
pCO, (mm. Hg) 39 43 

H 7.40 7.38 


p 
Hematocrit (per cent) 


TABLE III. Some DATA ON THE RESPIRATORY FUNCTION 


Respiratory rate (per min.) 6 
Tidal volume (ml.) 2,292 
Minute volume (ml.) 13,752 
O, uptake (ml. per min.) 666 


BLoop FLow AND VASCULAR RESISTANCES 


TABLE IV. 


Cardiac output (ml./min.) 


Fick method 19,416 
Dye-dilution method 18,200 
Central blood volume (ml.) 2,427 
Systemic vascular resistance (dynes sec. cm.-) 650 
Pulmonary vascular resistance (dynes sec. cm.) 149 


Pulmonary arteriolar resistance (dynes sec. cm.~*) 40 
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The tidal volume of the camel was somewhat lower than that found in the 
giraffe, and the respiratory rate per minute during the catheterization was 6, 
which is somewhat less than that reported for this animal under normal condi- 

There were some unexpected findings in the blood examinations. The hema- 
tocrit was very low, indicating anemia, a condition not rare among camels.!” 
The arterial oxygen saturation was extremely low, which may be due partly 
to the depression of the respiratory center by the anesthesia, although it may be 
that the camel is adapted to lower oxygen tensions than those found in the normal 
human being. A similar suggestion was made for the giraffe in the report of 
Warren and associates.!° It should be emphasized, however, that in the camel 
the pCOz and the pH were normal according to human standards. 


SUMMARY 


Some circulatory and respiratory data were obtained in an anesthetized 


camel. 
Systemic pressures were found to be higher than those in man. The relation- 


ship between the systemic and pulmonary arterial pressures was approximately 
the same as in human beings. The cardiac output was high, associated with 
low vascular resistances. The values of venous and arterial blood gas determina- 
tions and some ventilatory data are presented. The results are compared with 
those found in other animals. 


The invaluable technical assistance of Mr. S. Werkson is gratefully acknowledged. 
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Tricuspid Stenosis in Association With Right Ventricular Hypertrophy and 
the Coexistence of Right-Sided Endocardial Fibroelastosis 


Zahira Hafez Abdin, M.R.C.P. (London), and Fatma Hafez Abdin, M.D. (Cairo) 
Cairo, Egypt 


The purpose of this communication is to report a case of congenital heart 
anomaly in which the main pathologic findings were tricuspid stenosis, gross 
right ventricular hypertrophy with a diminutive cavity of the right ventricle 
and great enlargement of the left ventricle, pulmonary atresia with intact inter- 
ventricular septum, an atrial septal defect, a patent ductus arteriosus, and a 
right-sided endocardial fibroelastosis. A similar gross malformation has been 
described by Glaboff,'! E'ster,? Williams,’ Edwards and co-workers. In none 
of the previous cases, however, was right-sided endocardial fibroelastosis men- 
tioned. The presence of endocardial fibroelastosis in the present case may help 
in part to explain the rather obscure right ventricular hypertrophy or dilatation 
present in such cases. The endocardial fibroelastosis may well be a factor also 
in the causation of the pulmonary atresia and tricuspid stenosis. 


CASE REPORT 


Clinical Findings.—A male baby presented at the age of 3 weeks with deep cyanosis dating 
trom birth. The mother was a multipara, robust, healthy woman. The pregnancy had been 
uneventful and the birth was normal. The Wassermann reaction in the mother was negative. 
The baby was well-nourished, but deeply cyanosed. The cyanosis involved the nails, lips, tongue, 
genitalia, and buttocks. There was no clubbing of the fingers or toes. The pulse was 110 per 
minute. The femoral pulse was readily palpable. The liver was two fingerbreadths below the 
costal margin in the mid-clavicular line. There was a giant a wave. The lungs were clear. The 
heart was greatly enlarged, the apex reaching the midaxillary line. There was a soft systolic 
murmur, Grade 2, in the third left intercostal space just to the left of the sternum, and the second 
sound was clear but not accentuated. Screen and x-ray examination (Fig. 1) revealed great en- 


. - largement of the heart and oligemic lung fields. In the left oblique view (Fig. 2) there was a 
i : . well-defined, dense, moderately anterior bulge of the heart beyond the root of the great vessels. 
i There was also great encroachment posteriorly over the spine. In the subsequent screen examina- 
im tion the anterior bulge seemed stationary, while the posterior one seemed toincrease. The elec- 


trocardiogram showed normal findings with no tendency to right or left ventricular preponderance. 
The baby died at the age of 3 months in congestive heart failure. 


From the Childrens Hospital and Pathology Department, Kasr El Eini, Faculty of Medicine, 
Cairo, Egypt. 
Received for publication Aug. 18, 1958. 
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Necropsy Findings.—The heart (Fig. 3) weighed 55 grams (normal for the age being 20 grams). 
The right atrium was markedly dilated and hypertrophied. When it was opened, the muscle 
was seen to be coarsely trabeculated. There was a valvular atrial septal defect (7.0 mm. in diam- 
eter) corresponding to interatrial foramen II. The endocardium was milky white throughout the 
greater part of its extent. The tricuspid orifice (Fig. 4) was greatly stenosed (8.0 mm. in diameter). 
It was guarded by an anterior cusp which was thickened and split transversely, the split having 
serrated edges, and by medial and inferior cusps which were ill-developed, thick, and with rolled 
edges. The cavity of the right ventricle was a short and very narrow track. The wall of the right 
ventricle (Fig. 5) was greatly hypertrophied (16.0 mm. thick). The endocardium of the right 
ventricle was also an opaque, milky white in most parts. The orifice of the pulmonary artery 
(Fig. 6) was completely obliterated and was represented by three small pockets. The left auricle 


Fig. 1.—Skiagram of the chest, posteroanterior view. Note the great cardiac enlargement and 


the oligemic lung fields. 
Fig. 2.—Skiagram, left oblique view, showing marked encroachment by the heart over the spine, 


indicating gross left ventricular enlargement. Note the dense, moderately anterior bulge beyond the 
root of the aorta. . 


was slightly dilated, and its endocardium had milky white patches. The left ventricle was hyper- 
trophied (12.0 mm. thick) and markedly dilated. The capacity of the left ventricle was ten times 
that of the right ventricle. The aorta had a normal origin from the left ventricle. The ductus 
arteriosus was patent. The right coronary artery arose from the posterior instead of the anterior 
aortic sinus. There was an accessory coronary artery which arose 1.0 cm. above the aortic orifice 
and ran in the atrioventricular groove anterior to the right coronary artery, supplying twigs to 
the right atrium and the right ventricle. Attempts to inject this anomalous coronary artery failed 
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Fig. 3.—Enlarged heart and. thick right ventricle. 


Fig. 4.—Interior of the left and right auricles and the tricuspid orifice. 


Fig. 5.—Thick right ventricle and the tricuspid orifice. 

Fig. 6.—Pulmonary orifice, pulmonary trunk, right and left pulmonary branches, patent ductus 
arteriosus, and aorta. 

Fig. 7.—Note the elastic tissue, stained black, under the endocardium (Verhoeff-van Gieson 
stain). 
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Figs. 5, 6, and 7.—(For legends see opposite page.) 
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to illustrate any communication with the cavity of the right ventricle. Sections were cut through 
the thick white patches of the endocardium and underlying muscle and were stained with hema- 
toxylin and eosin and Verhoeff-van Gieson stains. These sections showed marked increase in the 
elastic fibers (Fig. 7) in the thickened endocardium. The muscle wall of the right ventricle con- 
tained sinusoidal blood spaces continuous with the accessory coronary artery, but no direct com- 
munication with the cavity could be found on serial sectioning. The muscle fibers showed mild 
degeneration with loss of striations. Those under the endocardium showed a severe grade of 
degeneration, with vacuolation of the cytoplasm (Fig. 8). No significant collection of inflamma- 
tory cells could be found in the myocardium, pericardium, or endocardium. 


Fig. 8.—Vacuolated muscle fibers under the endocardium and the blood sinusoids. 


COMMENT 


The clinical findings illustrated a cyanotic heart disease associated with 
diminished pulmonary blood flow. The left oblique view showed great enlarge- 
ment of the left ventricle, and a moderately dense anterior bulge which could 
have been a dilated right auricle or, more probably, a hypertrophied right ven- 
tricle. The balanced electrocardiogram, in spite of the cardiac enlargement, 
suggested enlargement of both ventricles. Tricuspid stenosis was considered 
the most likely diagnosis, although the possible hypertrophy of the right ventricle 
seemed unusual, Truncus arteriosus was another possibility, but there was 
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no indication of intrinsic pulmonary pulsations nor of a big truncus on screen 
examination. Transposition of the aorta and pulmonary artery associated with 
pulmonary stenosis was another possibility that would require further verifica- 
tion. Postmortem findings illustrated tricuspid stenosis associated with pul- 
monary atresia, and also revealed the unusually great hypertrophy of the right 
ventricle together with the very small size of the cavity. 

The coexistence of right ventricular hypertrophy with tricuspid stenosis 
together with the diminutive right ventricular cavity in the present case, as well 
as in those previously reported, is striking, and seems to us to lack an explana- 
tion. The remarkable endocardial fibroelastosis of the right ventricle in the 
present case suggests that right ventricular hypertrophy is probably a primary 
condition. The right-sided endocardial fibroelastosis has probably also been a 
factor in the production of tricuspid stenosis and pulmonary atresia. The present 
case apparently represents a very rare congenital heart malformation, and is 
of interest because it seems to give a clinical picture that may be diagnosable 
during life. The dense anterior bulge in the left oblique view of the radiogram, 
and the balanced electrocardiogram in association with a great enlargement of 
the heart both suggest right ventricular hypertrophy as well as left ventricular 
hypertrophy, and should serve to differentiate the condition from tricuspid steno- 
sis. Venocardiography should serve to differentiate the condition from truncus 
arteriosus and transposition of the aorta and pulmonary artery. 


We are indebted to Professor Ahmed El-Batrawy of the Anatomy Department for his kind 
help and interest. We are also grateful to Dr. J. H. Bayliss and Dr. S.S. Susman for their interest 


and advice. 
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An Embryologic Explanation for the Corrected Transposition 
of the Great Vessels: Additional Description of the Main 
Anatomic Features of This Malformation and Its Varieties 


Maria V. de la Cruz, M.D.,* Guillermo Anselmi, M.D.,** Fernando Cisneros, 
M.D.,*** Michel Reinhold, M.D.,** Bolivar Portillo, M.D.,** and Jorge Espino- 
Vela, M.D.,**** Mexico, D. F. 


Various explanations! ?*:*:"" have been given in an attempt to understand 
the mechanism of development of the corrected transposition of the great vessels. 
Most of these explanations are not in accordance with the recent findings of 
Kramer,’ Davis,* Ingalls,* Streeter, Licata,? and others, who have studied 
large series of human embryos extant at the Department of Embryology of the 
Carnegie Institution of Washington and at other universities. We aim, in this 
paper, to present a theory based on these recent findings. 

We start with a brief analysis of the normal development of those regions 
of the heart which we think are envolved in the genesis of the corrected trans- 
position of the great vessels. We also present the most plausible explanation 
for the abnormal development which gives rise to cases of corrected transposition 
of the great vessels and related conditions (in normally situated heart, with 
mirror-image dextrocardia, etc.), describing all the theoretically possible ana- 


tomic entities. 


I. NORMAL DEVELOPMENT OF THE BULBOVENTRICULAR LOOP, THE VENTRICLES, 
AND THE GREAT VESSELS 


A. The Bulboventricular Loop.— 
1. The straight heart (Fig. 1, A): While studying one of the earliest human 
embryos examined by Davis (Embryo No. 3709, Carnegie Collection) we found 
the following characteristics: the embryo had a straight heart canal opened 
dorsally, and behind this opening the ventral wall of the pharynx was found. 
In this straight heart four distinct regions were present: atria, ventricle, bulbus 


Received for publication Aug. 18, 1958. 
*Chief of the Department of Embryology, Instituto Nacional de Cardiologia de México. 


**Resident of the Instituto Nacional de Cardiologia de México. 
***Adjunct of the Department of Electrocardiography, Instituto Nacional de Cardiologia de 


México. 
****Chief of the Department of Congenital Heart Disease, Instituto Nacional de Cardiologia de 
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cordis, and aortic bulb (from the caudal to the cephalic end). The limits of 
these regions were the left and right atrioventricular sulci, the left and right 
bulboventricular sulci, and the left and right interbulbar sulci. 

2. The beginning of the bulboventricular loop (Fig. 1, B): In observing an 
older embryo (Embryo No. 391, Carnegie Collection) a dorsal wall and dorsal 
mesocardium* were recognized at the level of the bulbus cordis and the ventricle, 
the other two regions, i.e., atria and aortic bulb remained without a dorsal wall. 
If a comparison is established between this and an earlier embryo, we will note 
a definite increase in depth of the left bulboventricular sulcus as well as of the 
right atrioventricular sulcus (Fig. 1, A, B). 

The acquisition at this age of a dorsal wall and the rupture at further stages 
of the dorsal mesocardium at the level of the bulbus cordis and the ventricle 
enables an independent and free development of these two important regions, 
which will grow without being attached to the neighboring structures, whereas 
the atria and aortic bulb are ‘‘anchored”’ regions of the heart. 

3. The completion of the bulboventricular loop (Fig. 1, C): In a still older 
embryo (Embryo No. 2053, Carnegie Collection) the completion of the bulbo- 
ventricular loop was observed. It is important to stress that the convexity of 
the bulboventricular loop is directed toward the right and its concavity toward 
the left. This loop has two limbs: the dextroventral, formed by the bulbus cordis 
(right ventricle), and the sinistrodorsal, represented by the primitive (left) ven- 
tricle (Fig. 1, C). The proximal end of the bulbar limb continues with the aortic 
bulb, and the distal end of the ventricular limb is connected with the atria. 

If we focus our attention on the progressive changes of the sulci through 
a serial study of embryos, starting with No. 3709 (the youngest embryo) and 
continuing up to No. 2053 (which is an older one) in which the bulboventricular 
loop is entirely formed, we find that the left bulboventricular sulcus becomes 
deeper, while the right bulboventricular sulcus disappears (Fig. 1, A, B, C). 
On the other hand, the right atrioventricular sulcus becomes deeper than the 
one on the left (Fig. 1, A, B, C). The distinct fate of right and left bulboven- 
tricular sulci and that of both atrioventricular sulci has been pointed out by 
Davis’ and Ingalls® as the determinant factors for the orientation of the convexity 
of the bulboventricular loop toward the right and its concavity toward the left 
(Fig. 1, C). 

In Embryo No. 2053 the atria have their dorsal wall entirely formed; they 
are fixed in a dorsal cephalic position by means of the vitelline vessels. The 
position of the atria is due to two factors, cephalad development of the atria 
and the ventral and caudad growth of the bulboventricular loop. 

4. The positional changes of the cardiac apex: During the developnient of 
the bulboventricular loop the apex of the heart is oriented toward the right 
(Fig. 1, C). It is so oriented because the loop convexity is also directed toward 
the right. It is only at further stages of development that the apex of the heart 
enters into a left-sided position (Fig. 2, A). 


*This ‘‘meso’’ unites the already formed dorsal cardiac wall to the dorsal wall of the primitive 
pericardiac cavity. 
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Summary.—The location of the anatomically right atrium in a right or left position, and 
the anatomically left atrium in a right or left position depends upon the original situation of the 
atria, inasmuch as they are “anchored” regions of the heart. This is the reason why their location 
is not influenced by the type of bulboventricular loop (Figs. 1 and 3). 

The right or left location of the anatomically right and of the anatomically left ventricle 
depends on the type of bulboventricular loop (vide infra). Therefore, if the loop has its con- 
vexity to the right and its concavity to the left, the ventricle in the right-sided position is the 
anatomically right; consequently, the ventricle in the left position will be anatomically left (Fig. 
1, C, D). If the bulboventricular loop has its convexity to the left and its concavity to the right 
the anatomic consequences will be that the ventricle in the right-sided position will turn to the 
anatomic left and the ventricle in the left-sided position will turn to the anatomic right (Fig. 
1, c, d). 

The position of the cardiac apex, in early and advanced stages of development, depends upon 
the type of bulboventricular loop (vide infra). 


B. The Ventricles, the Ascending Aorta, and the Pulmonary Trunk.—The 
studies of Kramer’ on the partitioning of the truncus and conus have led him to 
identify the bulbus cordis with the conus; therefore, we can infer that the ental 
ridge of the left bulboventricular sulcus of Davis* corresponds to the cono- 
ventricular flange of Kramer (Fig. 1, C, D). This latter author, studying his 
own material, found that the conus was in continuity with a new formation, the 
truncus arteriosus, and that this structure would give rise to the ascending aorta 
and the pulmonary trunk; he also pointed out that the region of the conus close 
to the truncus arteriosus was the origin of the cephalic portion of the outflow 
tract of both ventricles. 

On the other hand, while Streeter” was studying the origin of the trabecu- 
lated region of the ventricles, he noted that the endocardial plates of Davis, 
located one in the bulbus cordis (conus), and the other in the primitive ventricle, 
would give rise to the trabecular zone of the right and left ventricle, respectively 
(Fig. 1, C, D). .These plates, during the process of growing, form two trabecular 
pouches which by coalescence give rise to the muscular portion of the inter- 
ventricular septum (Fig. 1, D). 

On human embryos of 8.8 mm. the conoventricular flange lies in front of 
the muscular portion of the interventricular septum (Fig. 1, D). Therefore, 
the zone of the conus, origin of the cephalic aspect of the outflow tract of both 
ventricles, rests at the right of the muscular portion of the interventricular 
septum (Fig. 1, D). The vanishing of the conoventricular flange contributes 
to the shifting of said zone of the conus toward the midline, making the conal 
septum to align with the muscular portion of the ventricular septum (Fig. 2, A). 
The final anatomic expression of the above-mentioned embryologic changes is 
the emergence of one of the great vessels from the right ventricle and the other 
one from the left ventricle. 

As the conoventricular flange vanishes, two longitudinal ridges of endocardial 
cushion tissue begin to appear. These are called truncoconal ridges because of 
their location along the truncoconus from the cephalic end of the truncus to the 
caudal end of the conus (Fig. 1, D). Examining the ridges we can see that the 
dextrodorsal truncus one continues with the sinistroventral conus ridge, while 
the sinistroventral truncus ridge continues with the dextrodorsal conus one. 
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Fig. 1.—Schematic representation of the ventral view of the human embryonic heart. A, B, C, 
and D are diagrams according to Davis* and Kramer,’ and show different stages of development of the 
normal heart. a, b, c, and d are representations according to the present authors’ theory of the hypo- 
thetical development of the heart, and show different stages of development of the corrected trans- 
position of the great vessels in a normally situated heart or in a dextrorotated heart. e 

Key to Abbreviations: Ao.B. = Aortic bulb. Ao.Chann. = Aortic channel. A-V.Chann. = Atrio- 
ventricular channel. A-V.S.Lt. = Atrioventricular sulcus left. A-V.S.Rt. = Atrioventricular sulcus 
right. B.Cord. = Bulbus cordis. B-V.S.Lt. = Bulboventricular sulcus left. B-V.S.Rt. = Bulbo- 
ventricular sulcus right. C-V.Fl. = Conoventricular flange. J B.S.Lt. = Interbulbar sulcus left. 
I B.S.Rt. = Interbulbar sulcus right. Lt.At. = Left atrium. Lt.V. = Left ventricle. Pl.Chann. = Pul- 
monary channel. Rt.At. = Right atrium. Rt.V. = Right ventricle. Vent. = Ventricle; 1 = Dextro- 
dorsal truncus ridge. 2 = Sinistroventral truncus ridge. 3 = Dextrodorsal conus ridge. 4 = Sinistro- 
ventral conus ridge. 5 = Muscular portion of‘the interventricular septum. 6 = Dextroventral truncus 
ridge, 7 = Sinistrodorsal truncus ridge. 8 = Dextroventra]l conusridge. 9 = Sinistrodorsal conus ridge 
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The truncoconal ridge, therefore, rotates from the very beginning of its formation 
in a clockwise spiral path of about 180° (Fig. 1, D). These ridges grow toward 
the lumen of the truncus conus and become fused, giving origin to a spiral sep- 
tum, called the truncoconal septal system (Fig. 2, A). This spiral septum sepa- 
rates the truncus into two vessels, the ascending aorta and the pulmonary trunk; 
it also originates the outflow tracts of the ventricles at the level of the cephalic 
portion of the conus (Fig. 2, A). 

The cephalic end of the truncoconal septum, also called septum aorto- 
pulmonale of Tandler, separates in the ventral aortic root the fourth aortic arch 
(ventral) from the sixth aortic arch (dorsal). The septum aortopulmonale has 
an oblique orientation, from right to left and from the back toward the front. 
This position is due to the fact that this septum is formed by the cephalic end 
of the dextrodorsal and the sinistroventral truncus ridge, which are located in 
such a direction at that level (Figs. 1, D and 2, A). Consequently, the cephalic 
end of the truncus is divided into two regions, sinistrodorsal andtdextroventral. 
This sinistrodorsal region will be in continuity with the sixth aortic arch (main 
pulmonary arteries); the dextroventral region will be continued with the fourth 
aortic arch (the aortic arch) (Fig. 2, A). The truncoconal septum has the same 
orientation, i.e., from right to left and from back toward the front, at its caudal 
end, because it is formed by the dextrodorsal and sinistroventral conus ridges 
(Figs. 1, D and 2, A). Therefore, the direction of the caudal end of the spiral 
septum is coincident with that of the muscular portion of the interventricular 
septum (Fig. 2, A). 

The truncoconal septum, having from the very beginning of its formation 
a clockwise spiral path of about 180°, puts the sixth aortic arch, which is sinis- 
trodorsal, in relation with the right ventricle, which is in a dextroventral position; 
the fourth aortic arch, dextroventral, is then related with the left ventricle, 
which is sinistrodorsal (Fig. 2, A). The pulmonary trunk, therefore, emerges 
from the anterior aspect of the right ventricle, crosses the ascending aorta ven- 
trally, and follows a course toward the left and backward to give origin to the 
left and right pulmonary arteries. The ascending aorta arises from the left 
ventricle, behind the pulmonary trunk, forward and to the right, to be continued 
with the aortic arch (Fig. 2, A). 

At the time the partitioning of the truncus and conus takes place there is 
no definite boundary between these two structures, but simply an arbitrary 
dividing line. This is the site of origin of the aortic and pulmonary valves. 

As the ventricular development is nearing completion, the membranous 
portion of the interventricular septum is in the process of formation. This por- 
tion is constituted by endocardial cushion tissue derived from: (1) the dextro- 
dorsal and sinistroventral conus ridges, (2) the right tubercle of the dorsal and 
ventral atrioventricular canal cushion, and (3) the crest of the muscular inter- 
ventricular septum. Actually, it is the medial border of the dextrodorsal conus 
ridge which intervenes in the closure of the septum, while its lateral borders swing 
toward the right orifice of the atrioventricular canal and merges with the lateral 
cushion of the right atrioventricular canal. The same lateral border seems to 
be the origin of the parietal component or band of the crista supraventricularis. 
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Summary.—The emergence of the great vessels in a separate fashion from each ventricle, 
without overriding, depends upon two factors: the normal vanishing of the conoventricular 
flange, and the equal partitioning of the truncus conus.‘ 

The emergence of the pulmonary artery from the anatomically right ventricle, and of the 
aorta from the anatomically left ventricle, depends upon the presence from the very beginning 
of the clockwise spiral path of 180° of the truncoconal septum (Fig. 2, A). Contrariwise, if the 


CORRECTED TRANSPOSITION OF THE GREAT CORRECTED TRANSPOSITION OF THE GREAT VESSELS 
VESSELS IN A NORMALLY SITUATED HEART ASSOSIATED WITH DEXTROROTATION OF THE HEART 


Fig. 2.—Schematic drawing of the spatial relationship between both great vessels. Also repre- 
sented are the relationship between the great vessels and the cardiac chambers as well as the position 
of the cardiac apex. 

Key to Abbreviations: Ao. = Aorta. Ao.A. = Aortic Arch. C.S. = Crista supraventricularis. 
I.V.C. = Inferior vena cava. JI-V.S. = Interventricular septum. L.A. = Left atrium. L.P.A. = Left 
pulmonary artery. L.V. = Left ventricle. P.T. = Pulmonary trunk. P.Vs. = Pulmonary veins. 
R.A. = Right atrium. R.P.A. = Right pulmonary artery. R.V. = Right ventricle. S.V.C. = Superior 
vena cava. T-C.S. = Truncoconal septum. 
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truncoconal septum is straight from its beginning, the aorta will emerge from the anatomically 
right ventricle, and the pulmonary artery will arise from the anatomically left ventricle (Fig. 
2, B, C). 

The foregoing statements are true only if the conoventricular flange vanishes normally, and 
if there is an equal partitioning of the truncus conus.‘ 

The emergence of the pulmonary artery in front of the crista supraventricularis and its 
normal crossing with the ascending aorta depends upon the clockwise spiral path of 180° of the 
truncoconal septum (Fig. 2, A). If this septum is straight, the vessel emerging in front of the 
crista supraventricularis will be the aorta, and in this case the aorta will run parallel and ventral 
to the pulmonary trunk (Fig. 2, B, C). 


Fig. 3.—Diagrams representing hypothetical stages of development of the human embryonic 
heart, according to the authors’ theory. A, B, C, D, Different stages of development of mirror-image 
dextrocardia. a, b, c, d, Different stages of development of the corrected transposition of the great 
vessels in mirror-image dextrocardia or some type of levocardia. (For key to abbreviations see legend 
to Fig. 1.) 
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il. ANATOMIC CHARACTERISTICS OF THE NORMAL VENTRICLES 


We will discuss only those anatomic characteristics which are fundamental 
for differentiating the two ventricles. We must remember the form of the inter- 
ventricular septum in order to understand the normal features of the ventricles 
as well as the architectonic changes occurring in abnormal conditions. At a 
transverse cut section the septum is a crescent-shaped structure whose horns 
are oriented toward the left (Fig. 2, A); its convexity then corresponds to the 
right septal surface, and its concavity to left septal surface, which appears 
smooth at the region proximal to the valvular rings. 
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MIRROR-IMAGE DEXTROCARDIA 
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Fig. 4.—Schematic drawing of the spatial relationship between both great vessels. Also repre- 
sented are the relationship between the great vessels and the cardiac chambers as well as the position 
of the cardiac apex. (For key to abbreviations see legend to Fig. 2.) 
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The right ventricle has a conspicuous structure, the crista supraventricularis, 
which is made up of its own components: the septal and the parietal bands. This 
structure makes the pulmonary conus or cephalic portion of the outflow tract 
of the right ventricle to be limited by muscular structures. Another important 
element in the right ventricle is the anterior papillary muscle, which is united 
to the right septal surface by a band of myocardium, the moderator band. 

The musculomembranous character of the cephalic region of the outflow 
tract of the left ventricle is due to the fact that it is formed by the free left ven- 
tricular wall, a portion of the septum, and the aortic leaflet of the mitral valve. 
The papillary muscles vary in number and are distributed so as to form the an- 
terior and the posterior group. The thickness of the ventricular walls cannot be 
considered a distinctive character because the thickness is not a contributory 
sign for ventricular differentiation in congenital malformations of the heart, 
as for instance, in corrected transposition of the great vessels. 

There is another point of importance, and that is the lack of value of the 
atrioventricular valves in the anatomic differentiation of the right from the left 
ventricle; this is due to the possibility of a tricuspid valve in the left ventricle 
and/or a mitral valve in the right ventricle without any basic change in the 
anatomic features of the ventricles. j 


III. CORRECTED TRANSPOSITION OF THE GREAT VESSELS 


Before discussing corrected transposition of the great vessels, we must state, 
first of all, that we can speak only of transposition of the great vessels whenever 
the aorta runs parallel and ventral to the pulmonary trunk.‘ 

The following are the anatomic features of the corrected transposition of 
the great vessels: the aorta emerges from a chamber with all the anatomic 
characteristics of the right ventricle, in front of a conspicuous structure, the 
crista supraventricularis; the pulmonary artery arises from the ventricle with 
anatomic characteristics of the left ventricular chamber. The ascending aorta 
runs parallel and ventral to the pulmonary trunk. This anatomic picture is 
functionally “‘corrected”’ by the position of the atria: the “venous” atrium com- 
municates with the chamber having the characteristics of the left ventricle from 
which the pulmonary artery arises; the “arterial’’ atrium communicates with the 
chamber having the anatomic characteristics of the right ventricle from which 
the aorta emerges (Figs. 2, B, C and 4, B, C). Thus, we have the reason for the 
term ‘“‘corrected”’ transposition of the great vessels. 

The corrected transposition of the great vessels can be explained from the 
embryologic point of view as an abnormal development of the embryologic 
elements: the bulboventricular loop and the truncoconal septum. 

A. Corrected Transposition of the Great Vessels in a Normally Situated 
Heart.— 

1. Anatomic characteristics (Fig. 2, B): The heart is placed in the normal 
position with the apex oriented to the left. The atrium with the anatomic 
characteristics of the right one is located at the right, and the atrium with the 
characteristics of the left is situated at the left. From the ventricle placed at 
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the right, but with anatomic characteristics of a left ventricle, the pulmonary 
artery emerges; from the ventricle situated at the left, but with anatomic char- 
acteristics of a right ventricle, the ascending aorta arises in front of the crista 
supraventricularis, and runs ventrally and parallel to the pulmonary trunk. 
This anatomic picture is physiologically corrected by the position of the atria, 
since the ‘‘venous”’ atrium communicates with the ventricle with left-sided char- 
acteristics from which the pulmonary artery emerges, and the ‘‘arterial’’ atrium 
communicates with the ventricle with right-sided characteristics from which 
the aorta arises. Therefore, the pulmonary artery carries venous blocd and the 
aorta carries arterial blood. 

2. Embryologic considerations: 

a. The bulboventricular loop: If the right bulboventricular sulcus and the 
left atrioventricular sulcus were deep, while the left bulboventricular sulcus and 
the right atrioventricular sulcus disappeared—a behavior contrary to what 
normally occurs—the convexity of the bulboventricular loop would then be 
oriented toward the left and its concavity toward the right (Fig. 1, a, b,c). In 
this type of loop the ventricular limb (left ventricle) would be dextrodorsal, 
and the bulbar limb (right ventricle) would be sinistroventral (Fig. 1, c). In this 
form the left ventricuiar trabecular zone originated from the ‘‘ventricular’’ endo- 
cardial plate would be placed at the right side, and the right ventricular trabecu- 
lar zone originated from the ‘‘bulbar’’ endocardial plate would be situated at the 
left side (Fig. 1, c, d). The muscular portion of the interventricular septum, 
resulting from the coalescence of the trabecular pouches derived from those 
plates, would therefore have its concavity oriented to the right and its convexity 
to the left (Fig. 2, B). The anatomic consequence of said embryologic changes 
will be the oblique orientation of the ventricular septum, from the back to the 
front and from the left to the right: the right ventricle at the left side and the 
left ventricle at the right side. 

Since the atrial portion of the heart is ‘‘anchored,”’ the normal or abnormal 
torsion of the loop does not affect the position of the atria; however, its abnormal 
twist can definitely alter its relation with the ventricles (Fig. 1, B, b, C, c, D, d). 
In this latter case then the anatomic consequence will be that the right atrium 
communicates with the left ventricle, and the left atrium connects with the right 
ventricle (Figs. 1, d and 2, B). As the bulboventricular loop has its concavity 
oriented to the right and its convexity toward the left, the direction of the apex 
is toward the left during the development of the loop, and remains in this position 
without swinging to the right, as is expected for this type of loop in its final 
stages (Figs. 1, c and 2, B). 

b. The truncoconal septum: With the abnormal development of the bulbo- 
ventricular loop (its convexity to the left and its concavity toward the right) 
the region of the conus, origin of the cephalic portion of the outflow tract of both 
ventricles, remains at the left of the muscular interventricular septum (Fig. 1, d). 
The vanishing of the conoventricular flange makes such a zone of the conus shift 
toward the midline; therefore, the conal septum comes into alignment with the 
left border of the muscular interventricular septum, with one of the great vessels 
arising from the right ventricle and one from the left ventricle (Fig. 2, B). 
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Another important implication of the abnormal development of the bulbo- 
ventricular loop is in regard to the truncus conus, whose right half will be left, 
and whose left half will be right; consequently, the ridges at the cephalic end will 
become the sinistrodorsal and dextroventral truncus ridge instead of the dextro- 
dorsal and sinistroventral truncus ridge as in the normal condition (Fig. 1, D, d). 
Then the aortopulmonale septum of Tandler will be oriented from left to right, 
and from back to front, as opposed to what normally occurs. This septal posi- 
tion divides the cephalic end of the truncus into a dextrodorsal zone in con- 
tinuity with the pulmonary arteries or sixth aortic arch, and a sinistroventral 
zone which continues with the aortic arch or fourth aortic arch (Fig. 2, B). At 
the caudal end of the conus the ridges will appear as sinistrodorsal and dextro- 
ventral ridges, instead of as the normal dextrodorsal and sinistroventral conal 
ridges (Fig. 1, D, d). This abnormal position of the conal ridges will fix the 
caudal end of the conal septum in a direction from the back to the front and 
from left to right. This position is coincident with that of the abnormally oriented 
muscular interventricular septum (Fig. 2, B). 


The lack of spiral rotation of the truncoconal septum gives origin to a straight 
truncoconal septum; therefore, the pulmonary arteries (sixth aortic arch), 
being in a dextrodorsal position, communicate with the left ventricle which lies 
in a similar position, while the aortic arch (fourth aortic arch), being in a sinistro- 
ventral position, acquires communication with the right ventricle which is placed 
in a similar position (Fig. 2, B). 


The aforementioned embryologic changes lead to the following anatomic 
picture: the pulmonary artery arises from a ventricle having the characteristics 
of a left one but situated on the right; the aorta emerges from a ventricle ana- 
tomically right but located on the left. It should be noted that the ascending 
aorta emerges in front of the crista supraventricularis and runs ventrally and 
parallel to the pulmonary trunk (Fig. 2, B). 


Summary.—tThe atria are normally situated since they are ‘‘anchored”’ regions of the heart, 
and are so placed from the very beginning (Fig. 1, A, a). 


The location of the anatomically right ventricle in a left-sided position, and the anatomically 
left ventricle in a right-sided position, is a consequence of the type of bulboventricular loop whose 
convexity is toward the left and concavity toward the right (Fig. 1, c, d). 


The position of the apex to the left can be explained as a failure of the heart to swing to the 
right, as is expected for this type of loop, i.e., the apex remains in the position encountered during 
the development of this loop (Figs. 1, c and 2, B). From the anatomic point of view the apex 
could be considered as a normally situated one; however, from the embryologic aspect the posi- 
tion is abnormal. 


The emergence of the aorta in front of the crista supraventricularis from the anatomically 
right ventricle, and of the pulmonary artery from the anatomically left ventricle, and the course 
of the ascending aorta parallel and ventral to the pulmonary trunk, are a consequence of the 
straight character of the truncoconal septum (Fig. 2, B). 


The anatomic malformation is physiologically corrected, i.e., the ‘‘venous’’ atrium is con- 
nected with the pulmonary artery, and the “arterial” atrium is connected with the aorta (Fig. 
2, B). 
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B. Corrected Transposition of the Great Vessels Associated With Mirror- 
Image Dextrocardia.— 


1. Anatomic characteristics (Fig. 4, B): The heart is situated in the right 
side of the thorax with its apex oriented to the right. The atrium with anatomic 
features of the right atrium is found on the left, and the “‘left’’ atrium on the 
right (typical situation of mirror-image dextrocardia). The ventricle anatomi- 
cally right is situated on the right, and the ventricle anatomically left is found 
on the left. The aorta emerges from the right ventricle in front of the crista 
supraventricularis, and the pulmonary artery arises from the left ventricle; the 
ascending aorta runs ventral and parallel to the pulmonary trunk. Obviously, 
the atrial position determines a physiologic correction of the abnormal position 
of the great vessels. 


2. Embryologic considerations: 


are the anchored portion of the heart from the beginning and during the whole 
stage of development of the bulboventricular loop; therefore, in mirror-image 
dextrocardia the atrium on the right side with the anatomic characteristics of 
the left one, and the atrium on the left with the characteristics of the anatomically 
right one, are so from the very beginning (Figs. 3, A-D and 4, A). On the other 
hand, in this type of dextrocardia we expect to have the bulboventricular loop 
with its concavity to the right and its convexity to the left (Fig. 3, B, C); how- 
ever, what really occurs is just the opposite, i.e., the loop’s concavity is to the 
left and its convexity to the right, as in the normal condition (Figs. 3, b, c and 
1, B, C). Consequently, the bulbar limb (right ventricle) will appear in a dextro- 
ventral position, and the ventricular limb (left ventricle) will be found in a sinis- 
trodorsal position (Fig. 3, c, d). Then the atrium situated on the right, left 
atrium, will communicate with the right ventricle, and the atrium situated on 
the left side, right atrium, will communicate with the left ventricle (Figs. 3, d 
and 4, B). During the development of a type of loop with a convexity to the 
right the apex position is also to the right (Figs. 3, c and 4, B); however, in cor- 
rected transposition of the great vessels associated with mirror-image dextro- 
cardia it remains in such a position, without swinging to the left as is expected 
for that type of loop at final stages. It is important to mention that if in a case 
of corrected transposition of the great vessels associated with mirror-image dextro- 
cardia forming part of a situs inversus, the apex were to make the final or terminal 
swing to the left, the result would be a variety of levocardia: levocardia with 
corrected transposition of the great vessels (Fig. 4, C). 


b. The truncoconal septum: When the bulboventricular loop develops as 
it does in normal conditions, the right half of the truncus conus will be right and 
the left half will be left (Figs. 1, C, D and 3, c,d). The truncus ridges are at the 
cephalic end, one dextrodorsal and one sinistroventral; at the caudal end of the 
conus the ridges are: one dextrodorsal and one sinistroventral (Figs. 1, D and 
3,d). Consequently, the cephalic end of the truncoconal septum (septum aorto- 
pulmonale of Tandler) is oriented from right to left and from back to front, 
dividing the cephalic end of the truncus into a sinistrodorsal portion in continuity 


a. The bulboventricular loop: We have already mentioned that the atria . 
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with the pulmonary arteries (sixth aortic arch), and a dextroventral region in 
continuity with the aortic arch (fourth aortic arch) (Fig. 4, B). The caudal end 
of the conal septum (dextrodorsal and sinistroventral conus ridges) is in a position 
similar to that of the septum aortopulmonale of Tandler, as well as the muscular 
interventricular septum (Fig. 4, B). 

If the truncoconal septum is straight, the sixth aortic arch (pulmonary 
arteries), in a sinistrodorsal position, will communicate with the left ventricle, 
which is also in a sinistrodorsal position, while the fourth aortic arch (aortic 
arch) will communicate with the right ventricle, since both are in a dextroventral 
position (Fig. 4, B). The anatomic consequence is that the ascending aorta arises 
from the right ventricle in front of the crista supraventricularis, and the aorta 
runs parallel and ventral to the pulmonary trunk, which emerges from the left 
ventricle (Fig. 4, B). 

Summary.—The right atrium is on the left side, and the left atrium is on the right side, 
because of a mirror-image dextrocardia, and the atria, as always occurs, are “anchored”’ regions 
of the heart from the beginning (Figs. 3, A-D and 4, A). Their abnormal original position is 
maintained independently of the type of bulboventricular loop (Fig. 3, A-D, a-d). 

The location of the anatomically right ventricle on the right side, and the anatomically 
left ventricle on the left side, is a consequence of the type of bulboventricular loop, whose con- 
vexity is toward the right and concavity toward the left (Fig. 3, b-d). 

The right-sided position of the apex is due to a failure to swing to the left, as is expected 


for hearts with this type of loop (Figs. 3, c and 4, B). 

The emergence of the aorta in front of the crista supraventricularis from the anatomically 
right ventricle, and the arising of the pulmonary artery from the anatomically left ventricle, plus 
the fact that the ascending aorta runs parallel and ventral to the pulmonary trunk, are conse- 


quences of the straight character of the truncoconal septum (Fig. 4, B). 
The transposition is corrected for the same reasons mentioned in the previous summary. 


C. Corrected Transposition of the Great Vessels Associated With Dextro- 
rotation* of the Heart.— 

1. Anatomic characteristics (Fig. 2, C): The cardiac apex is oriented to the 
right. The right atrium is situated on the right and communicates with the 
anatomically left ventricle located on the right side from which the pulmonary 
artery arises. The left atrium is located on the left and communicates with an 
anatomically right ventricle located on the left side from which the ascending 
aorta emerges in front of the crista supraventricularis; the great vessels run 
parallel, the aorta being ventral. This abnormal anatomic picture becomes 
physiologically corrected because the “‘venous’’ atrium communicates with the 
anatomically left ventricle from which the pulmonary artery arises, and the 
“‘arterial’’ atrium communicates with the anatomically right ventricle from which 
the ascending aorta emerges. 

2. Embryologic considerations: The abnormal embryologic mechanism of 
formation of the corrected transposition of the great vessels associated with 
dextrorotation of the heart is similar to that of corrected transposition in a 
normally situated heart, since the development of the two elements, bulbo- 
ventricular loop and truncoconal septum, is the same (Fig. 1, a-d). The differ- 


*We use the term ‘‘dextrorotation’’!® as a synonym of dextroversion.™ 
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ence between the two entities depends on the fact that in a normally situated 
heart the apex remains on the left, which is the position adopted during the 
development of the loop (Figs. 1, c and 2, B), i.e., without swinging to the right 
as expected for that type of loop with a concavity to the right; in the second 
entity (with dextrorotation of the heart) such swinging of the apex does occur 
(Fig. 2, C). 

We must point out that there may be cases in which the two basic embry- 
ologic alterations of corrected transposition of the great vessels are recognized 
(i.e., abnormal torsion of the bulboventricular loop and the development of the 
truncoconal septum in a straight manner), but which cannot be considered as 
instances of this malformation because they are associated with other trunco- 
conal malformations. An example is that of the association with lateral position, 
in which case both great vessels emerge from the anatomically right ventricle, 
the aorta arising in front of the crista supraventricularis and running parallel 
and ventral to the pulmonary trunk. The other anatomic features remain as in 
cases of corrected transposition of the great vessels. The mixture of blood derived 
from the position of the great vessels definitely excludes the possibility of a 
physiologic correction. 


SUMMARY 


1. The authors have reviewed the normal development of the bulboven- 
tricular loop, the ventricles, and the great vessels in the human embryo. 


2. Corrected transposition of the great vessels in any of its varieties is a 
complex malformation in which two embryonic elements are involved: the bulbo- 
ventricular loop and the truncoconal septum. 

3. An embryologic explanation for the different varieties of corrected 
transposition of the great vessels is proposed. The anatomic features of all these 
varieties (in normally situated heart, in mirror-image dextrocardia, in one type 
of levocardia, and in the case of dextrorotation) are also given. 

4. A new theory based on recent embryologic findings is offered to explain 
the development of corrected transpositions of the great vessels. 
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Hypocalcemic Electrocardiographic Abnormalities in Diseases of the Liver 


David H. Spodick, M.D.,* Boston, Mass. 


Because of the relatively frequent appearance of electrocardiographic sug- 
gestions of hypocalcemia in patients with liver disease, the records of 194 such 
individuals were reviewed for this finding. Eighteen “hypocalcemic’’ tracings 
were found in this group. There was no relation to the levels of serum calcium or 
potassium, nor to other biochemical findings. Three normocalcemic cirrhotics 
responded to intravenous calcium by shortening of the S-T segments. While 
the implications of these findings remain unclear, it is of interest that certain 
of the metabolic derangements of liver disease are also known to affect 
calcium metabolism. Possible relationships among these phenomena are discussed. 


MATERIAL AND METHOD 


The characteristic effect of hypocalcemia upon the electrocardiogram is prolongation of the 
Q-T interval due to independent elongation of the RS-T segment. This finding was noted in al- 
most 10 per cent of 194 patients with hepatic disorders who also had adequate electrocardiographic 
examinations. 

Cases were initially selected on the basis of characteristic appearance of RS-T segments. 
Since there are no accepted standards for RS-T length per se, unequivocal and gross Q-T pro- 
longation was considered a sine qua non. Furthermore, the following cases were rejected summar- 
ily: (1) cases in which the RS-T elongation was not reasonably independent of the state of the T 
wave and, (2) cases in which borderline Q-T prolongation could have resulted from an accompany- 
ing intraventricular conduction delay. This left the 18 cases which form the basis of this report. 

The manifest Q-T intervals (Q-T.) and R-R intervals were averaged over four consecutive 
beats in the most favorable lead (usually V2 or V;). On the basis of Bazett’s formula,' the Q-T, 
was corrected to a standard rate of 60 beats per minute and expressed as the corrected Q-T in- 
terval (Q-T,.).2* The upper limits of this value, as established by Ashman and Hull,‘ are 0.422 
second for men and 0.432 second for women. For this report, tracings with Q-T,. below 0.44 
second were rejected. 

Levels of serum calcium were obtained on the day of recording the electrocardiogram in the 9 
cases most recently under observation. 

Three patients were given calcium intravenously. Fifty cubic centimeters of 10 per cent 
calcium gluconate—glucoheptonate (450 mg. Ca** )—were infused over periods of 14 to 20 minutes. 
Simultaneous determinations of serum calcium and potassium were performed on blood samples 
obtained before and immediately after each infusion. 


*Senior Physician, Medical Service, Lemuel‘Shattuck Hospital; and Clinical Instructor in Med- 


icine, Tufts University School of Medicine, Boston, Mass. 
From the Cardiology Laboratory of the Medical Service, Lemuel Shattuck Hospital, Boston, Mass. 
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RESULTS 


Table I records the measurements determining corrected Q-T interval in 
each case. This ranged between 0.44 and 0.59 second (median = 0.47 second), 
emphasizing that this can be a striking abnormality. 

Figs. 1 and 2 are illustrative of the types of tracings seen. 

Table II relates the Q-T,. to the chemical findings in these patients. The 
characteristic abnormality occurred at normal and even slightly increased (Case 


TABLE I. DETERMINATION OF CORRECTED Q-T INTERVAL (Q-T,) 


Q-To R-R Q-Te 

CASE SEX AGE DIAGNOSIS (SEC. ) (SEC.) (SEC.) 
: F 27 Postnecrotic cirrhosis 0.32 0.50 0.45 
2. F 54 Laennec’s cirrhosis 0.36 0.64 0.45 
3. M 68 Biliary cirrhosis 0.48 0.71 0.57 
4. M 52 Laennec’s cirrhosis 0.36 0.60 0.47 
S. F 65 Laennec’s cirrhosis 0.40 0.59 0.52 
6. M 48 Undiagnosed 0.32 0.54 0.44 
oe M 70 Biliary cirrhosis 0.42 0.91 0.44 
8. M 52 Postnecrotic cirrhosis 0.46 0.89 0.49 
9. F 55 Laennec’s cirrhosis 0.44 0.88 0.47 
’ M 75 Laennec’s cirrhosis 0.40 0.72 0.47 
M 45 Laennec’s cirrhosis 0.40 0.84 0.44 

M 77 Carcinoma of pancreas 0.56 0.90 0.59 

F 76 Carcinoma of bile duct 0.40 0.78 0.45 

F 64 Laennec’s cirrhosis 0.36 0.66 0.44 

F 61 Laennec’s cirrhosis 0.40 0.71 0.48 

F 64 Biliary cirrhosis 0.46 1.00 0.46 

M 59 Laennec’s cirrhosis 0.42 0.71 0.50 

M 42 Laennec’s cirrhosis 0.46 0.78 0.52 


TaBLeE II. CorrecteD Q-T INTERVAL AND SERUM BIOCHEMICAL FINDINGS IN PATIENTS WITH 
LivER DISEASE AND HyPOCALCEMIC ELECTROCARDIOGRAM 


TOTAL 
CASE Q-Te BILIRUBIN | CALCIUM PROTEIN | ALBUMIN | GLOBULIN | POTASSIUM 
(mc. %) (mc. %) (cm. % (Gm. %) | (GM. %) | (MEQ./L.) 
a 0.45 18.0 5.9 4.4 6.3 
2. 0.45 0.5 11.8 6.7 3.9 2.8 6.7 
&. 0.57 18.5 6.0 1.3 4.7 3.0 
4. 0.47 1.8 8.6 7.0 2.7 4.3 5.7 
5. 0.52 2.8 10.0 5.4 2.2 a2 4.4 
6. 0.44 6.3 4.4 1.9 
7. 0.44 1.9 6.8 3.1 3.7 
8. 0.49 5.5 6.2 3.5 
9. 0.47 1.7 6.1 2.5 3.6 4.3 
} 0.47 10.1 6.8 3.3 3.7 5.4 
0.44 0.25 4.8 2.9 6.1 
0.59 14.5 5.2 1.4 3.8 2.3 
0.45 1.6 5.8 3.1 y Se 4.4 
0.44 0.6 6.1 2.6 3.3 4.5 
0.47 0.5 6.7 3.9 2.8 4.5 
0.46 17.0 6.0 1.7 4.3 4.7 
0.47 1.4 6.3 2.2 4.1 3.9 
0.52 1.7 6.3 3.1 §:2 3.3 
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2), as well as moderately depressed (Cases 4 and 13), levels of serum calcium. 
Furthermore, it was present with normal (most cases), increased, or decreased 


levels of serum potassium. The latter were recorded because increased potassium 
exaggerates, and decreased potassium mitigates, the physiologic effects of hypo- 
calcemia in clinical calcium deficits,’ as well as in electrographic records obtained 


with intracellular electrodes.*® 


TABLE III. ReEsuLtTs oF INTRAVENOUS ADMINISTRATION OF 450 MG. Ca++ InN THREE PATIENTS 
WitH CIRRHOSIS AND HyPOCALCEMIC ELECTROCARDIOGRAPHIC ABNORMALITY 


END OF INFUSION 


CONTROL 


Q-Te SERUM Ca | SERUM K Q-Te SERUM Ca | SERUM K 
(ms. %) | (MEQ./L.)| (SEC.) (MG. %) | (MEQ./L.) 


0.46 
0.46 


*Sample slightly hemolyzed. 


Table III summarizes the findings in the patients given calcium intra- 
venously. In each case it was possible to diminish the length of the RS-T 
segments and the Q-T.. Fig. 3 illustrates one of these results (Case 17). Fig. 4, 
by way of comparison, shows a similar effect in a hypoparathyroid patient. 


DISCUSSION 


Electrocardiographic alterations have been noted in infectious hepatitis,”-" 
porphyria hepatica,” leptospirochetal jaundice, hepatic coma (various etiol- 
ogies),' biliary obstruction,"-"’ and other hepatobiliary disorders.?°*! 
T-wave fluctuations comprise the bulk of these abnormalities; arrhythmias and 
conduction disturbances were also seen. In general, these changes varied in 
degree directly with the intensity of liver injury and often, when present, icterus. 
Remarkably, as with our cases, bradycardia was either absent or not deemed 
worthy of note in most instances. In some patients, electrocardiographic abnor- 
malities could be ascribed to variations in serum potassium, both increase" 
and decrease!’ having been found. In one series of 24 cases of epidemic hepatitis, 
9 had T-wave abnormalities but no RS-T change, and the Q-T interval remained 


within normal limits.” 


Hegglin’s dissertation (1937) on the Q-T interval'® includes 4 patients with 
“coma hepaticum”’ and T-wave abnormalities. Their blood chemistries included 
serum calcium of 6.9 to 8.9 mg. per cent. The accompanying electrocardiogram 
shows striking RS-T elongation, the hallmark of hypocalcemia. Ten years later 
the same author reported 5 more patients with hepatic coma, a wide range of 
bilirubinemia, prolonged Q-T interval, and normal serum calcium; in the electro- 
cardiographic illustrations hypocalcemic RS-T segments are again displayed.“ 


om 
| 
4 CASE | AQ-Te Aca 
ce 14. 0.48 11.8 4.7 | 14.7 4.3 0.02 2.9 
ae 17. 0.48 10.9 3.9 12.4 4.7* 0.02 ‘5 
18. 0.52 10.3 | 12.8 3.2 0.06 a.§ 
BE 
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Determinations of serum calcium in our own patients (Table I1) likewise 
disclosed that characteristic hypocalcemic RS-T elongation seemed to occur at 
normal and slightly increased, as well as at decreased levels in liver disease. 
Values for serum potassium were almost always within normal limits. These 
findings inevitably raise the broader question of the specificity of the “‘hypocal- 
cemia electrocardiogram.”’ The available evidence is in the affirmative. 


Fig. 1.—Case 16. Hypocalcemic RS-T segments in a 64-year-old woman with biliary cirrhosis. 
Q-T,.. = 0.46 sec. Serum calcium = 10.2 mg. percent. Total protein = 6.0 Gm. per cent (albumin 1.7, 
globulin 4.3). Serum potassium = 4.7 mEq./L. Serum bilirubin = 34 mg. per cent. 


I aVL 


Fig. 2.—Case 9. Hypocalcemic S-T segments in a 55-year-old woman with Laennec’s cirrhosis. 
Q-T,.. = 0.47 sec. Total protein = 6.1 Gm. per cent (albumin 2.5, globulin 3.6). Serum potassium = 4.3 
mEq./L. Serum bilirubin = 3.4 mg. per cent. 
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Brooks and his collaborators® have reviewed the experimental work in cardiac 
electrophysiology, including the effects of increase and decrease of sodium, potas- 
sium, calcium, magnesium, strontium, barium, lithium, and chloride, singly and 
in combinations. Only hypocalcemia seems capable of causing independent 
elongation of the RS-T segment. This is a consequence of marked prolongation 
of the plateau of the monophasic transmembrane action potential of stimulated 
ventricular muscle. The effect can be intensified by hyperkalemia (which, by 
itself, would shorten this phase), but no alterations of other ions can reproduce 
the hypocalcemic phenomenon. By contrast, high concentrations of extra- 
cellular calcium do not produce significant electrocardiographic contour changes,” 
short of extreme levels produced experimentally.®:8 

Since the electrocardiographic alterations may be regarded as reasonably 
specific for hypocalcemia, their occurrence in its absence is puzzling. While a 
definite explanation cannot be offered here, certain phenomena indicate some effect 
of liver disease upon calcium metabolism and will be briefly reviewed. 

There is evidence that circulating bile components and derivatives may have 
a significant effect on calcium metabolism. Intravenously administered bile 
pigments appear to be innocuous.™:* The salts of bile acids, on the other hand, 
seem to account for the effects of injected whole bile.%?7 Dalla Torre and 
Dusso” injected bile and bile salts and also ligated the common bile duct in 
experimental animals, with various T-wave and voltage abnormalities resulting; 
the electrocardiographic complexes shown have long RS-T segments. Meier 
repeated these procedures in dogs but also investigated their effect on serum cal- 
cium. Injection of whole bile caused no change in serum calcium and no electro- 
cardiographic changes; ligation of the bile duct resulted in a slight depression of 
calcium and the development of T-wave abnormalities after long-standing ob- 
struction, but without Q-T interval change; intravenous administration of bile 
salt (sodium taurocholate) caused marked hypocalcemia and characteristic 
RS-T segment elongation resembling the effect of sodium oxalate.”® 

It is apparent that some bile constituents under certain conditions can depress 
serum calcium to a greater or lesser degree, with or without hypocalcemic electro- 
cardiographic changes. The small effect of obstruction of the common bile duct 
(also noted by Schumann”’), and the ineffectiveness of injected whole bile could 
perhaps result either from a relatively low concentration of cholates or from the 
presence of metabolic antagonists or competitors in the mixture. This might 
help to explain the lack of relationship of both the electrocardiographic changes 
and the levels of serum calcium to the degree of bilirubinemia in our patients 
(Table I1). At the same time it is well to note that bilirubinemia is an assay of 
circulating pigment and not, except by inference, of circulating cholates. 

Table IV records the estimation of the ionized fraction of the serum calcium 
(McLean and Hastings*’) in 9 of our patients. Only 3 of these had a depression 
of this value. However, this calculation is based on the total serum proteins 
without regard to their partition. Any distorting effect of increased serum 
globulin and decreased albumin is not considered. Hence, as in the case of jaun- 
dice, the role of calcium ion per se (and, by inference, of diffusible calcium) 


is not clear. 
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CONTROL CIRRHOSIS 
= | Ca 10.9mg % 
K 3.9mEq/L 


END OF 
INJECTION 
(540 mg Cat?)  CA12.4mg% 
20 min. 420 K 4.7*mEq/L 


Fig. 3.—Case 17: numerical data in Table III. Effect of intravenous calcium on a cirrhotic 
patient with elongated RS-T segments. Dose: 450 mg.; infusion time: 20 minutes. At top 
and bottom are 3-second strips of the control (O) and end-of-injection traces. The six complexes in the 
center show the time-course of the RS-T segment diminution and its virtual regression 20 minutes after 
the end of infusion (+40). A latent U wave has appeared during the infusion; however, the RS-T 
segment clearly shows a striking decrease. The smail amplitude of QRS in several complexes is due to 
the high position of the recording arm on the paper. (*The final blood sample was slightly hemolyzed.) 


HYPOPARATHYROIDISM 
60Y.0.w 9 


Ca 8.8mg% 
K 3.9mEq/L 


40 064 4495 *l2end 5t20 = 


TIME a = 


END OF ee 
INJECTION 
(540 mg Catt) Ca 12.8mg % 
12 min. K 4.1 mEq/L 
Bp 


Fig. 4.—Hypoparathyroidism: Effect of infusion of 450 mg. calcium (in 12 minutes) on the elon- 
gated RS-T segments. (For comparison with the effect in liver disease.) It is noteworthy that the 
increase in calcium (Ca = 4.0 mg. per cent) was much greater than that in any of the patients in the 
“liver’’ group (Table III). Control Q-T. = 0.55 sec.; end Q-T. = 0.48 sec. 
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TOTAL CALCIUM TOTAL PROTEIN | IONIZED CALCIUM ALBUMIN/GLOBULIN 
(mG. %) (GM. %) (MG.%) 

2. 11.8 6.7 5.5 3.9/2.8 
4. 8.6 7.0 4.0 2.7/4.3 
5. 10.0 5.4 5.1 2.2/3.2 
13. 7.0 5.8 3.5 3.1/2.7 
14. 11.2 6.1 4.3 2.6/3.5 
15. 10.7 6.4 5.1 2.5/3.9 
16. 10.2 6.0 4.1 1.7/4.3 
17. 10.9 6.3 5.4 2.2/4.1 

; 9.9 6.3 4.6 3.1/3.2 


If the results of recent disclosures of the effects of estrogen can be applied 
to the known derangement of estrogen metabolism in liver disorders, further 
support can be adduced for some form of calcium aberration in these patients. 
Experiments with Ca® indicate that estrogens have a distinct action, independent 
of parathyroid hormone, resulting in a net retention of body calcium," but that, 
concomitantly, there is a profound alteration in the binding of calcium by the 
plasma proteins.** Whereas in normal rats most of the Ca* is bound to albumin 
and alpha-globulin, in estrogen-treated rats it shifts to the beta- and gamma- 
globulin fractions.* Since in advanced liver disease there is not only a qualitative 
and quantitative abnormality of serum protein, but also, presumably, an increase 
in circulating estrogens, it is at least conceivable that each of these factors could 
distort the pattern of serum calcium in some way. 

The electrocardiographic suggestion of a calcium deficit at the cell membrane 
takes on added significance in the light of the foregoing. The occurrence of this 
deficit at normal as well as depressed levels of serum calcium remains unexplained, 
unless a portion of the measurable calcium is not available for metabolic ac- 
tivity. It is possible that the net effect of abnormal circulating bile derivatives 
(chelation ?), decreased total serum proteins with hyperglobulinemia, and hyper- 
estrogenemia is to decrease the availability of the circulating calcium. However, 
this remains speculative at present. 

Intravenously administered calcium in excess of our dosage has been given 
to normal subjects over periods of 3 to 21 minutes, with the production of acute 
toxicity and arrhythmias, but without RS-T changes.** Hypercalcemic crisis 
in hyperparathyroidism has produced elevations as high as 17.3 mg. per cent 
without decrease in the Q-T interval. On the other hand, our investigations of 
the effect of infused calcium in patients with liver disease who had long RS-T 
segments resulted in diminution of the electrocardiographic abnormality by 
relatively small increments in serum calcium. These results are considered 
tentative and further studies upon this aspect of the problem are in progress. 


CONCLUSIONS AND SUMMARY 


Electrocardiographic abnormalities characteristic of hypocalcemia were 
observed in 18 patients with chronic liver disease. These occurred with increased, 
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decreased, or normal serum levels of total calcium and ionized calcium, without 
relation to bilirubinemia. In 3 consecutive patients with normal levels of serum 
calcium the electrocardiographic changes were reversed by intravenously ad- 


ministered calcium. 
While the meaning of these findings is not clear, it is of interest that certain 
of the known effects of liver disease may be associated with alterations in calcium 


metabolism. 
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The Importance of Septal Activation in the Electrogenesis of the Unipolar 
Morphologies in Bundle Branch Block: Experimental Study With Total 
Extirpation of the Free Ventricular Wall of the Blocked Ventricle 


Gustavo A. Medrano, M.D.,* Demetrio Sodi-Pallares, M.D.,* Federico Marsico, 
M.D.,** and Abdo Bisteni, M.D.,* Mexico, D. F. 


Some authors! have recently insisted that the bizarre morphologies of the 
QRS complexes in bundle branch block are due mainly to a slow activation in 
the free ventricular wall corresponding to the blocked ventricle. We present 
in this paper evidence to disprove this opinion. The activation responsible for 
the bizarre morphologies and for most of the duration of the QRS complexes 
depends on the slow abnormal septal depolarization. We also prove that the 
activation across the septum is not uniform, as some authors have recently stated,’ 
and that the existence of a ‘“‘physiologic barrier’? between the two septal masses 
gives us sufficient basis to interpret the tracing in a satisfactory manner. 


MATERIAL AND METHOD 


Either right or left bundle branch block was produced in 6 dogs for the purposes of this in- 
vestigation. The techniques of exposing the heart and severing the branches have been described 
previously. Generally, simultaneous unipolar tracings with Lead II were obtained at the lower 
and upper portions of the blocked septal mass before and after the branch block was produced. 
The unipolar right arm lead (aVR) was obtained in the experiment with right bundle branch 
block; and the unipolar morphology of the left atrium was recorded in the experiment with left 
bundle branch block. After these two control experiments, a complete extirpation of the free 
ventricular wall corresponding to the blocked ventricle was performed (Figs. 1 and 2). Both 
venae cavae were tied to avoid bleeding when the free wall was ablated. The morphology of the 
unipolar tracings remained almost the same, more so in right than in left bundle branch block. 
All the tracings were obtained with a four-channel Sanborn machine (Model 150) at a paper 


speed of 50 or 100 millimeters per second. 


RESULTS 


Extirpation of the Free Right Ventricular Wall in Right Bundle Branch Block.— 
In Fig. 3,A, Lead II (upper tracing) was recorded simultaneously with Lead 
aVR (middle tracing) and with a unipolar record (lower tracing) obtained at the 
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Fig. 1.—Anterior aspect of dog’s heart after complete removal of the free right ventricular wall. 


Fig. 2.—View of the left septal surface after complete removal of the free left ventricular wall. 
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upper portion of the right septal mass. Fig. 3,B shows the same tracings after 
right bundle branch block had been produced. The slurrings and great duration 
of QRS in Lead aVR and in the septal morphology must be noted. 

We show in Fig. 4,4 the same tracings as in Fig. 3,B, as well as another 
right septal unipolar tracing (third row from top of Fig. 4,4) obtained at the 


A. B. 


. 3.—Lead II (upper tracing), Lead aVR (middle tracing), and a unipolar lead obtained at the 
high right septal mass before (A) and after (B) right bundle branch block. 


Fig. 4.—Lead II in right bundle branch block (upper tracing) obtained simultaneously with Lead 
aVR (second tracing), a unipolar lead at the low right septal mass (third tracing), and a unipolar lead at 
the high right septal mass (bottom tracing), before (A) and after (B) extirpation of the free right ven- 
tricular wall. 
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lower portion of the right septal mass. All these tracings correspond to a control 
taken immediately before the total extirpation of the free right ventricular wall. 

In Fig. 4,B the same tracings are shown after the free right ventricular wall 
was ablated. Note that the same bizarre morphology as well as the important 
QRS duration remains. (QRS duration before was 0.08 second, and afterwards 
it was 0.07 second.) In the tracing obtained at the upper portion of the right 
septal mass (lower row) an initial slurring before and after the free wall was 
excluded is evident. The duration of the positive deflection of QRS is the same 
in A and in B; otherwise there is a diminution of the S wave in B as compared 
with A (lower tracing of Fig. 4). This experiment (Figs. 3 and 4) proves that 
the electrical window obtained with the extirpation of the free right ventricular 


ere 


| 


Fig. 5.—Incomplete right bundle branch block. Lead II recorded simultaneously with a unipolar 
lead obtained at the high right septal mass, before (A) and after (B) the total ablation of the free right 
ventricular wall. 


wall very slightly modifies the unipolar morphologies obtained in the septum 
and in Lead aVR. We obtained the same results with incomplete right bundle 
branch block. In A of Fig. 5, Lead II (upper tracing) was recorded simul- 
taneously with a unipolar tracing at the upper portion of the right septal mass 
after producing a middle degree of right bundle branch block. In B of the same 
figure the tracings are shown after elimination of the free right ventricular wall. 
It is amazing to see how the morphology of the unipolar septal tracing remains 
the same, demonstrating the poor contribution of the electrical forces of the free 
right ventricular wall on such morphologies. | 
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Extirpation of the Free Left Ventricular Wall in Left Bundle Branch Block.— 
In A of Fig. 6, Lead II is shown (upper tracing) with a unipolar morphology 
obtained high in the left septal mass after the left bundle of the dog’s heart was 
severed. In B of the same figure, the same leads are shown after the free left 
ventricular wall was cut off. Note that the rsrS morphology obtained at 
the left septal mass changes to an rsRS type after the complete exclusion of the 
free left ventricular wall. In both tracings the intrinsic deflection is inscribed 
very late (around 0.045 second), corresponding to the delayed activation of the 
high left septal mass. There are very important changes in Lead II due to the 
vertical electrical position of the dog’s heart: the potential variations of the leg 
lead depend mainly on the potential variations of the lower portion of the septum 
(there is no free left ventricular wall), where there are RS morphologies, as we 
have described in previous papers.*:> The same morphologies (RS) are recorded 
in Leads V; and V¢ in cases of left bundle branch block with transmural infarction 
of the free left ventricular wall. 


A. 
Fig. 6.—Left bundle branch block. Lead II (upper tracing) obtained simultaneously with a unipolar 
lead at the high left septal mass, before (A) and after (B) extirpation of the free left ventricular wall. 


Another tracing obtained at the high portion of the left septal mass after 
the free wall was severed is presented in the lower tracing of Fig. 7, simultane- 
ously with unipolar morphology in the posterior epicardial surface of the left 
atrium. In both tracings the QRS duration, the notching, and slurrings, as well 
as the delayed intrinsic deflection, are very suggestive of left bundle branch 
block, even though there is no left ventricular wall. The electrical forces of the 
free left ventricular wall, however, have some importance in left bundle branch 
block, since the control of the unipolar lead in the left atrium shows greater 
duration of QRS (lower tracing of Fig. 8). 

In Fig. 9,A, corresponding to another experiment, the upper tracing was 
obtained at the posterior epicardial surface of the left atrium simultaneously 
with one obtained at the high portion of the left septal mass (middle tracing), 
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and another recorded at the lower third of the same left septal mass (lower trac- 
ing). The intrinsic deflection of the atrial tracing is the latest one, and that of 
the tracing obtained in the lower portion of the septum is inscribed earlier; the 
activation time, nevertheless, is very late in both records. The same tracings 
(Fig. 9,B) after the ablation of the free left ventricular wall are shown. In the 


Fig. 7.—Left bundle branch block. Unipolar leads obtained at the left atrium (upper tracing) and at 
the high left septal mass (lower tracing) after the total removal of the free left ventricular wall. 


Fig. 8.—Left bundle branch block. Lead II (upper tracing) obtained simultaneously 
with a unipolar lead at the left atrium (lower tracing). 
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two septal records (middle and lower tracings in Fig. 9) the same slurrings and 
delayed intrinsic deflection are presented for comparison with the control trac- 
ings before the extirpation of the wall (compare A and B of Fig. 9); the S wave, 
however, diminishes in both septal tracings, and for this reason, we can ascribe 
some part of this negative deflection to the electrical forces of the free left ven- 
tricular wall. Although there is some displacement of the RS-T segment in the 
atrial tracing, the positive and marked slurrings in this unipolar morphology 
still remain after the extirpation of the wall (see Fig. 9). 


A. B. 

Fig. 9.—-Left bundle branch block. Three unipolar tracings obtained simultaneously at the left 
atrium (upper tracing), at the high left septal mass (middle tracing), and at the lower third of the left 
septal mass (lower tracing), before (A) and after (B) the total ablation of the free left ventricular wall. 


The R wave of the two septal tracings increases in voltage after the wall 
has been severed. This suggests some counterbalancing effect of the forces of 
the left ventricle on this septal positivity; then, after these forces disappear 
because of the lack of a free left ventricular wall, the magnitude of the R wave 
increases. 


DISCUSSION 


Some of our viewpoints in regard to the sequence of the activation process 
in bundle branch block will be discussed. 


Slow activation across the septum: These experiments proved that the slur- 
rings and notchings of the unipolar septal morphologies in cases of bundle branch 
block remain the same after the blocked free ventricular wall is extirpated. For 
this reason, the origin of the slurrings is not due to the activation of the blocked 
free wall, but strongly suggests a slow activation across the septum. In most of 
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the curves of these unipolar septal tracings there is an important initial slurring 
(Figs. 4 and 9) that we attribute to the ‘“‘jump” of the activation wave across 
the “‘septal barrier’’ which separates both septal masses. 

Lack of uniformity of activation across the septum: Some authors have de- 
scribed a uniform activation across the septum? in cases of right and left bundle 
branch block. Our experiments show that in cases of right bundle branch block 
the low right septal mass is activated before the high septal mass. We have also 
found that in cases of left bundle branch block the low septal mass is also acti- 
vated before the high septal mass. In other words, in both blocks the general 
activation of the blocked septal mass is from below upward. These findings are 
in disagreement with those given recently by some investigators.!” 

Importance of septal activation and the poor contribution of the blocked free 
ventricular wall in cases of bundle branch block: There is much discussion in the 
literature in regard to this subject, but we believe that we have proved by our 
investigations the major importance of the electrical forces of the septum, inas- 
much as the general morphology of the tracing at the septum and on the periphery 
(Lead aVR; tracings obtained in the left atrium; see above), the marked posi- 
tivity (R waves), marked notching, slurrings, and delayed intrinsic or intrinsicoid 
deflections remain after the total extirpation of the blocked ventricular wall. 
The above statement is in agreement with the recovery across the septum in 
cases of bundle branch block: the T wave is negative in the ventricular cavity 
of the blocked side and positive in the opposite ventricular chamber, suggesting 
an important vector of recovery across the septum. Recovery forces of lesser 
importance are obtained across the free ventricular walls. 


SUMMARY 


Total extirpation of the blocked free ventricular wall in cases of bundle 
branch block does not modify the general morphology of the tracings and sug- 
gests a poor contribution of the wall in the determination of such morphologies. 
The forces across the interventricular septum in cases of bundle branch block 
are very important, and they give a satisfactory explanation of the unipolar 
morphologies. 
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An Electrographic Study of Right Ventricular 
Hypertrophy in Pulmonic Stenosis 


A. Brusca, M.D.,* F. Solerio, M.D.,* and A. Actis Dato, M.D.,** Turin, Italy 


In a series of works from our departments!~ it has been shown by means of 
direct electrographic exploration of the human heart during cardiac surgery 
that when the precordial electrocardiogram displays evidence of right ventricular 
hypertrophy (RVH), the tall R wave of Lead V; originates from the basal por- 
tions of the right ventricle, and rS complexes are regularly present on the tra- 
becular region of the right ventricle. 


These findings offer an explanation of the apparently contradictory obser- 
vations of the literature on the epicardial potential variations in RVH.*-7 


Our previous work was carried out mainly in patients with mitral valvular 
disease. This report deals with the results of an electrographic study in subjects 
with pulmonary stenosis, a condition in which hypertrophy of the right ventricle 
reaches an extreme degree. 


MATERIAL AND METHODS 


Fifteen patients were studied. Six of these had pure pulmonary valvular stenosis, 6 had 
tetralogy of Fallot, 2 had trilogy of Fallot, and in 1 a pentalogy of Fallot was present. In each 
case the diagnosis was confirmed by cardiac catheterization, angiocardiography, and surgical 
exploration of the heart. 


In every case the electrocardiographic patteri. of RVH was present. The electrocardio- 
graphic diagnosis, as suggested by ourselves* and Milnor, was made on the basis of an R wave 
in Lead V; higher than 0.7 mv. with an R/V ratio of more than 1. In 4 of the patients a qR pat- 
tern was present in Lead V;. The R/S ratio in Lead Vs was less than 1 in 12 subjects. In none 
of the patients did the QRS duration exceed 0.12 second. One patient with the typical pattern 
of complete right bundle branch block was excluded from the present series. 


The pericardial sac was always widely opened and the epicardial points on the anterolateral 
surface of the heart were exactly localized by visual inspection. The electrographic exploration 
was performed by one of us (A.A.D.) by means of a cotton-tipped electrode soaked in saline and 
connected to a Wilson C.T.; a small silver electrode (2 X 2 mm.) was necessary for exploration 
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of the posterior surface of the heart. Electrograms were recorded with a Twin-Viso machine at 
a paper speed of 50 mm. per second; a photographic apparatus with a paper speed of 100 mm. 
per second was used occasionally. 


RESULTS 

Right Atrium and Right Ventricle.— 

Cases with initial positivity and tall R wave in Lead V,: This group includes 
12 patients. On the anterior wall of the right atrium and on the right auricular 
appendage the electrographic complexes were of the rsR’, QR, qR, rR’, rR, rSR’ 
type; the common finding was the presence of a tall, late R wave, usually not 
followed by any S wave (Fig. 1). The highest voltage of this positive wave was 
recorded on the roof of the right ventricle in a region located between the tip of 
the auricular appendage and the anterolateral aspect of the root of the aorta. 
The electrographic configuration of the QRS complexes recorded on the anterior 
wall of the right atrium, and the timing of the various deflections were very 
similar to those recorded in right precordial leads (Fig. 2). 

Electrographic complexes with a tall and late R wave were also obtained 
from the anterobasal portion of the right ventricle (Figs. 1-3). Toward the right 
atrioventricular groove the most common electrographic pattern in the cases 
under discussion was that of the rR’ type. On the pulmonary conus, while the 
exploring electrode was being moved from the right to the left, a progressive 
diminution of the voltage of the late positive wave was observed, simultaneously 
with the appearance of an S wave of increasing amplitude. A tall R wave, often 
followed by an S wave, was also found along the right atrioventricular groove 
up to the diaphragmatic border of the right ventricle. On the trabecular region 
of the right ventricle, complexes of the rS type were recorded regularly. Toward 
the median and apical portions of the diaphragmatic border of the right ven- 
tricle the epicardial electrogram usually displayed an RS pattern. 

Cases with initial negativity and tall R wave in Lead V,: On the anterobasal 
portion of the right ventricle the electrographic pattern was characterized by 
the presence of a definite initial negativity lasting 0.010 to 0.015 second (Fig. 4). 
Except for this initial deflection, the general morphology of the electrographic 
complexes in these cases was quite similar to that observed in the patients of 
the first group. As in the first group of patients, the initial negativity on the 
trabecular region of the right ventricle was absent and the usual rS electrographic 
type was recorded. 

Paraseptal Regions and Anterior Surface of the Left Ventricle——At the level 
of the upper third of the interventricular groove a notch or a distinct r’ was 
present on the initial ascending limb of the ventricular complex (Fig. 3): Ina 
limited region immediately to the left of the septum, qrS or QS complexes with 
an embryonic r wave were found in 8 of the 15 cases. However, as a rule, com- 
plexes of the rS type were again recorded to the left of the interventricular groove, 
below the left auricular appendage. 

At the level of the mid-third of the interventricular groove the voltage of 
the initial positive deflection of the electrographic complexes became progressively 
smaller going from the right to the left; an initial negativity appeared to the left 
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of the interventricular groove, with complexes of the qrS or QS type (Fig. 3). 
On the descending limb of these complexes a definite notch was present. By 
moving the exploring electrode further to the left a progressively higher R wave 
was seen to merge from this notch (Fig. 3). 


Fig. 1.—A, Epicardial electrograms (upper rows) with Standard Lead II (below). In this and in 
the following figures each electrogram is numbered according to the site of the heart from which the 
record has been obtained. The corresponding locations on the epicardial surface are indicated in the 
drawing in B. B, Schematic representation of the heart. The posterior border of this drawing cor- 
responds to the posterior interventricular sulcus. This view of the heart is the same as that used by 
Barbato and associates. Points 4 and 5 are on the anterolateral aspect of the right atrium, very near 
the sinus node. C, Peripheral electrocardiogram. 


As a rule, at the level of the mid-third of the anterior interventricular sulcus 
the initial negativity appeared just to the left of the interventricular groove, on 
the anterior surface of the left ventricle. However, in some instances an rS 
complex was still present on the lateral border of the left ventricle and a definite 
q wave was found only on the posterior surface of this chamber. 


At the level of the lower third of the interventricular groove and on the apical 
region, RS and qRS complexes were commonly found, to the right and to the 
left of the septum, respectively (Fig. 3). 


Posterior Surface of the Left Ventricle—While the exploring electrode was 
being moved from the lateral border of the left ventricle toward the posterior 
interventricular groove, the R wave of the QrS complexes was growing progres- 
sively taller; meanwhile, the initial and the final negative deflections of these 
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Fig. 2.—Precordial electrocardiogram in Lead V, (left) and epicardial electrogram obtained from 
the anterior surface of the right auricular appendage (AD) (right) in a patient with pulmonic stenosis. 
Standard Lead II above. Paper speed 100 mm./sec. 


Fig. 3.—A, Epicardial electrograms (upper rows) with Standard Lead II (below). B, Schematic 
representation of the heart. The symbols | | and —— indicate the regions from which continuous 
‘:\cips have been recorded while the exploring electrode was gradually displaced from the right to the 
Inft. Points 25 and 26 are on the diaphragmatic wall of the right ventricle, immediately to the right of 
the posterior interventricular sulcus. C, Peripheral electrocardiogram. 
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complexes became increasingly smaller until qRs or qR complexes were recorded 
(Fig. 3). This behavior was observed whenever adequate electrographic ex- 
ploration of the posterior surface of the left ventricle was undertaken (12 cases), 
regardless of the type of the precordial electrocardiogram in Leads Vs and V,.. 
Complexes of the Ors or QS type were again found near the posterior interven- 
tricular groove (Fig. 3). The initial negativity suddenly disappeared on crossing 
the posterior interventricular groove from the left to the right ventricle (Fig. 3). 


Fig. 4.—A, Peripheral electrocardiogram. B, Schematic representation of the heart. 
C, Epicardial electrograms (lower rows) with Standard Lead II. 


The Voltage and the Timing of the Electrographic Complexes.—As a rule, the 
highest positive deflections were found on the left ventricle; the R waves re- 
corded on the basal regions of the right ventricle were usually one-third to one- 
fourth lower than the former. 

Because of the inadequacies of our recording apparatus not more than general 
statements can be made on the time of appearance of the various electrographic 
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deflections. On the trabecular region of the right ventricle, at the apex of the 
heart, and on the anterolateral surface of the left ventricle the intrinsic deflection 
(I.D.), measured at its nadir, was inscribed during the first half of the QRS in 
Standard Lead II. 


The latest intrinsic deflections were found on the upper portion of the right 
ventricle and on the posterior basal portions of the left ventricle. 


The intrinsic deflection of the left ventricular qR complexes occurred simul- 
taneously with the latest I.D. on the right ventricle. 


COMMENT 


As in patients with right ventricular hypertrophy consequent to mitral 
stenosis, the tall R wave of Lead V; in subjects with pulmonic stenosis is due to 
the transmission to the precordium of the differences of potential present on the 
anterobasal portions of the right ventricle and on the right atrium. The trabec- 
ular region of the right ventricle regularly yields rS complexes even when marked 
hypertrophy of the right ventricle is present. The voltage of the R wave recorded 
on the right ventricle seems to be highest on the roof of this chamber in a region 
located between the tip of the right auricular appendage and the root of the 
aorta. This region corresponds to the epicardial projection of the crista supra- 
ventricularis,'® the anatomic structure which has been considered responsible 
for the electrocardiographic pattern of RVH in Lead V;." A tall and late R 
wave can also be recorded along the entire border between the right atrium and 
the right ventricle. However, similar electrographic complexes are regularly 
found on the basal region of the right ventricle and on the right atrium in normal 
hearts and in cases with a normal precordial electrocardiogram.!-*:” 


The influence of these potential variations on the form of the QRS in Lead 
V, will depend, among other factors, on their voltage and direction as compared 
to the voltage and direction of the electromotive forces developed by the free 
wall of the left ventricle, on their time of appearance, on the extent of the surface 
from which they can be recorded, and on the distance of this surface from the 
thoracic wall. Other factors involved, as suggested by Kossmann and associates," 
will be the orientation of the muscle responsible for these potential variations 
with respect to the various points on the surface and, possibly, the architecture 
of the Purkinje system. In patients with electrocardiographic evidence of 
RVH the late right ventricular R wave seems to be definitely higher than in 
subjects with normal tracings,!~* and it is always inscribed after activation of 
most of the left ventricle is completed. Furthermore, in patients with RVH the 
surface from which the late ventricular R wave is recorded is obviously larger 
and closer to the right chest wall than in normal subjects. This is true not only 
for the right ventricle, but also for the right atrium, on which, as previously 
indicated, predominantly positive ventricular complexes with a late R wave are 
also constantly present. This finding may well explain the appearance of the 
vlectrocardiographic pattern of RVH even in the presence of an exclusive en- 
largement of the right atrium." 
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The q wave of right precordial leads in RVH has been considered by Myers™ 
and others':'* as an expression of an incomplete right bundle branch block wherein 
the initial r wave was lost in the preceding isoelectric line. Fowler!’ has sug- 
gested that in these cases septal depolarization is partly or completely reversed. 
According to Wilson and associates,'* the initial q wave in Lead V, could be due 
to a ‘‘decreased density of the junction between Purkinje and ordinary muscle 
in certain areas as a result of dilatation of the chamber.’’ Sodi-Pallares" be- 
lieves that this peculiar electrocardiographic pattern in Lead V, is due to the 
transmission of the QR complexes usually found on the right atrium. 


Because of the uncertainties in our knowledge on the anatomy and function 
of the conduction system of the heart in normal and, particularly, in pathologic 
conditions,'? Wilson’s hypothesis does not seem to rest on very firm ground. 
Sodi-Pallares’ explanation may be valid in those cases with great enlargement 
of the right atrium, such as is often observed in tricuspid valvular disease or 
interatrial septal defect. However, while in our series a q wave on the right 
atrium was a common finding regardless of the type of precordial electrocardio- 
gram, an initial negativity on the epicardium of the right ventricle was found 
only when a qgR pattern was present in Lead V;. Furthermore, in these patients 
a definite initial positivity of the ventricular electrographic complex was present 
on the trabecular region of the right ventricle, and an initial q wave was always 
found to the left of the interventricular groove. Therefore, it seems that the 
activation process, in its initial stage, is still going from the left to the right, even 
when a q wave is present in right precordial leads. 


In each of our 4 cases with a q wave in Lead Vj, tetralogy of Fallot was 
present with a very large high ventricular septal defect. This anatomic con- 
figuration and its functional consequences could furnish an explanation of the 
electrographic pattern. Normally, the basal regions of the right ventricle are 
activated during the last part of the QRS complex; a q wave is not found on these 
regions because the right ventricular cavity is positive at the beginning of the 
ventricular depolarization. However, a large high interventricular septal defect 
can make of the base of the heart a functionally and anatomically common cavity. 
Therefore, one might speculate that right intracavitary positivity and its in- 
fluence on the passively conducting cardiac muscle of the base of the right ven- 
tricle can be overwhelmed by the initial negativity of the left ventricular cavity. 
The result of this balance of electrical forces could be an initial q wave on the 
epicardium at the base of the right ventricle. The R wave will begin to appear 
when the transmural electromotive forces developed by the right ventricle are 
stronger than this initial negativity. Therefore, the presence of a q wave on 
the epicardium of the right ventricle in a given case of tetralogy of Fallot might 
depend on several factors, including the size of the septal defect and the time of 
activation of the right ventricular wall. The power and the orientation of the 
initial septal vector might also play a role in this respect.2° Finally, on the basis 
of our findings, the possibility cannot be excluded that in tetralogy of Fallot, 
activation of the upper portion of the septum may take place simultaneously 
from both sides. At present, we know very little about the anatomy and the 
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function of the impulse transmission in normal human hearts, and even less 
about that in pathologic hearts.'® 


There is considerable disagreement concerning the role of a conduction delay 
in the genesis of the precordial electrocardiogram in RVH. Our recording tech- 
nique does not allow any definite conclusion on this subject. However, it may 
be worth noting the following three points: (1) As previously stated, M-shaped 
complexes with a late R wave, lasting up to 0.10 second, are a common finding 
on the right atrium and on the basal portion of the right ventricle in normal 
hearts and in the presence of a normal precordial electrocardiogram. (2) In 
RVH, if there is a block, this must be limited to the basal regions of the right 
ventricle as demonstrated by the time of appearance of the I.D. and by the 
morphologic aspect of the epicardial electrograms on the trabecular region of 
the right ventricle. (3) The problem is further complicated by the fact that the 
intrinsic deflection from the trabecular region of the right ventricle is not neces- 
sarily delayed even in those instances in which the precordial electrocardiogram 
displays the typical pattern of complete right bundle branch block.*! The so- 
lution to this problem would require an accurate and exhaustive study of the 
spread of activation in normal as well in hypertrophied human hearts with or 
without the electrocardiographic pattern of complete bundle branch block. 


As far as the so-called transitional complexes are concerned, the present 
findings confirm, on the whole, our previous observations!“ and those of Barbato 
and associates. RS complexes were found mainly near the lower portion of 
the interventricular sulcus, but at the level of the upper and mid-portion of the 
latter, predominantly negative complexes were recorded. Furthermore, RS 
complexes were also present on the right ventricle toward the atrioventricular 
groove and along the diaphragmatic border of the heart. 


The finding of qRs or qR complexes on the left ventricle in cases of _ RVH 
demonstrates that in this chamber the electrogenesis is not substantially changed. 
The discrepancies existing between left epicardial potential variations and the 
ventricular complexes recorded in Leads V; and V¢ indicate that even if the 
potential variations of every point on the thoracic wall are known, the potential 
variations on any point of the epicardial surface cannot be predicted.'® In other 
words, records from electrodes on the body surface, at least in RVH, do not 
allow any speculation as to what is really going on in the myocardium. Obvi- 
ously, this holds true also for the vectorcardiogram. 


The rS or qrS patterns of left precordial leads in RVH can be explained on 
the basis of a concept which was clearly expressed by Wilscn and associates!*: 
the enlargement of the right ventricle may increase the epicardial area (tra- 
becular region) over which negative potential variations occur simultaneously, 
thereby increasing the size of the contribution made by such potential variations 
to the form of the ventricular complex in leads from points on neighboring parts 
of the body surface. In the presence of right ventricular hypertrophy the left 
precordial leads are located on those areas of the two ventricles on which negative 
complexes are prevalent. The diminution of the voltage of the R wave in leads 
irom the left of the precordium and the presence of a deep S wave will then be 
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the result of several factors, including the stronger influence of the negative po- 
tential variations present on the anterior surface of the heart underlying the 
precordial electrodes, and the negligible effect of the electromotive forces produced 
by the posterior surface of the left ventricle on the lead lines of Leads V; and Vg. 
The diminution of the voltage of the R wave in these leads is also an ‘‘indirect 
effect produced by the factors responsible for the abnormally tall R wave of 
leads from the opposite side of the precordium.’"!® Owing to the different proper- 
ties of epicardial and precordial leads, the influence of these factors is minimal 
on the epicardium and strongest on the precordium. 


SUMMARY 


Epicardial electrograms have been recorded in 15 patients with right ven- 
tricular hypertrophy due to pulmonic stenosis. 

Mainly, positive ventricular complexes with a late R wave were found on 
the right atrium and on the base of the right ventricle. 

The trabecular region of the right ventricle regularly yielded rS ventricular 
complexes. 

An initial negativity was present on the epicardium of the base of the right 
ventricle in cases in which the precordial electrocardiogram showed a qR pattern 
in Lead V. 

Complexes of the qR or qRs type were often recorded from the left ven- 
tricle even when rS or qrS complexes were present in Leads V; and Vs. 


ADDENDUM 


After this manuscript had been submitted for publication, two additional papers on direct 
electrocardiography of the hypertrophied human heart appeared in the literature.” 

In these papers it has been confirmed that similar epicardial® and endocardial** ventricular 
complexes are obtained with both normal and abnormal ventricular precordial electrocardio- 
grams. It has also been shown,” as previously indicated,'* that the morphologic aspect of the 
ventricular epicardial electrogram depends mainly on the epicardial regions from which the records 


are obtained. 
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Relief of Angina and Congestive Failure by Hufnagel Valve: Subsequent 


Term Pregnancy 


James E. Crockett, M.D., C. Frederick Kittle, M.D., and E. Grey Dimond, M.D. 
Kansas City, Kans. 


This is the report of a young girl who experienced angina, pulmonary edema, 
and congestive heart failure from aortic insufficiency. During the 2 years sub- 
sequent to insertion of a Hufnagel valve she has remained free of angina, has 
been compensated, and has completed a normal full-term pregnancy. 


CASE REPORT 


This 19-year-old girl was admitted to the University of Kansas Medical Center on Feb. 18, 
1956, with a history of acute rheumatic fever at the ages of 4, 6, and 9 years (arthralgia and fever), 
lasting several months on each occasion. Because of heart disease she had never attended school. 
Exertional dyspnea was noted at the age of 14 years. During the 5-year period prior to admission, 
congestive heart failure necessitated frequent hospitalizations. At age 14 she was placed on salt 
restriction, and at age 16, digitalized. In October, 1954, she was hospitalized because of symptoms 
of severe dyspnea, left chest pain on exertion, and pedal edema. Examination at this time re- 
vealed tachycardia, a blood pressure of 140/0 mm. Hg, cardiomegaly, hepatomegaly, pulmonary 
congestion, and pedal edema. She described a dull substernal exertional pain radiating to both 
shoulders and neck, and lasting for 2 or 3 hours. The dyspnea and chest pain became progressively 
worse until 3 months prior to admission, when the patient was seen in profound congestive heart 
failure with nearly fatal pulmonary edema. Her condition improved when treated with digitalis, 
salt restriction, and mercurial diuretics. 

When admitted to the University of Kansas Medical Center the patient had recently been in 
pulmonary edema and manifested marked exertional dyspnea and orthopnea. Physical examina- 
tion revealed a blood pressure of 130/0 mm. Hg and a heart rate of 100 per minute. The pulse 
was a full, bounding Corrigan type; DeMusset’s and Landolfi’s signs were present. The oral 
hygiene was poor, with numerous large dental caries and pyorrhea. The heart was enlarged to 
the anterior axillary line in the sixth intercostal space, with a forceful left ventricular thrust. 
A Grade 2 systolic thrill was palpable over the aortic region and was accompanied by a Grade 4 
harsh systolic murmur. The aortic second sound was absent. A Grade 4 diastolic decrescendo 
blowing murmur was heard at the aortic area, with transmission along the left stenal border to the 
apex. At the apex there was a Grade 2 rumbling diastolic Austin Flint murmur and a Grade 2 
systolic murmur. No opening snap could be heard. The liver and spleen were not felt. There 
was minimal ankle edema. 


From the Departments of Medicine and Surgery, University of Kansas Medical Center, Kansas 
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Roentgenography revealed an increase in the transverse diameter of the heart, with marked 
enlargement of the left ventricle (Fig. 1). Left ventricular pulsation was extremely forceful, with 
a rapidly collapsing aorta. The left atrium was not enlarged. The lung bases were congested. 
Electrocardiography revealed left ventricular hypertrophy and ischemia. Because of severe 
dental infections, dental extractions were advised and done under antibiotic therapy. 


big. 2.—Roentgenogram taken 2 months after surgery, showing a definite decrease in size of the left 
ventricle. 
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On April 2, 1956, she was readmitted in a compensated state, but still complaining of exer- 
tional chest pain. Physical findings were essentially the same. Because of her severe aortic in- 
sufficiency a Hufnagel procedure was advised, and was carried out on April 7, 1956. Hypotensive 
anesthesia (Arfonad) was used, with occlusion of the aorta for 6 minutes. 

Postoperatively, she developed a tachycardia (120 per minute) for 48 hours. Jaundice was 
noted for 72 hours postoperatively (total serum bilirubin 7.5 mg. per cent, direct 4.6 mg. per cent, 
and indirect 2.9 mg. per cent). The jaundice gradually decreased. The blood pressure was 
125/0 mm. Hg in her arms and 130/80 mm. Hg in her legs. She was dismissed from the hospital! 
on April 21, 1956, on daily digitalis and a low-salt diet. 

One month postoperatively the patient reported that she had no dyspnea, and no chest pain, 
and that she had gained 5 pounds. She also informed us that she was engaged and planning to be 
married. Tubal ligation was advised, but not accepted by the patient. Her cardiac function 
continued to improve and she was able to do housework without limitation. Chest roentgenograms 
(Fig. 2) showed a progressive decrease in left ventricular size. When next seen she had been 
married. In spite of repeated discussions regarding the possible hazards of pregnancy, she became 
pregnant. After thorough consideration the patient was allowed to proceed with the pregnancy 
under careful management. She was followed at 2-week intervals until 7144 months gestation, 
when she entered the Medical Center for observation. Throughout her pregnancy she received 
benzathine penicillin G,* 1,200,000 units, every 2 weeks, and was maintained ona low-salt diet 
and digitalis. At no time during pregnancy did she experience any dyspnea or chest pain, and 
there was only minimal ankle edema noted during the last month of pregnancy. The total gain 
in weight during pregnancy was 834 pounds. Delivery was accomplished by classical Caesarean 
section with bilateral partial salpingectomy. Postoperatively, the heart rate increased to 150 
per minute and remained above 110 per minute for 72 hours. However, there was no evidence 
of congestive heart failure, and her subsequent recovery has been uneventful. She is presently 
caring for her baby without symptoms. There has been no dyspnea, chest pain, or edema. She 


is now 9 months post partum. 


DISCUSSION 


The prognosis of a patient with congestive heart failure and angina due to 
aortic regurgitation is uniformly poor. Bland and Wheeler! have emphasized 
this ominous combination of congestive failure and angina. The remarkable 
improvement in the functional status of patients following the insertion of a 
Hufnagel valve into the thoracic aorta has been observed here and elsewhere,!* 
but this is the first patient known to carry a pregnancy successfully to term. 
In view of the repeated episodes of left ventricular failure prior to operation this 
is a striking demonstration of the efficacy of the Hufnagel valve in preventing 
the reflux of blood from the distal aorta. Our experience with the Hufnagel valve 
is summarized in Table I. 

The circulatory changes accompanying pregnancy are well documented. 
As the result of the retention of sodium and water, there is a marked hemodilu- 
tion, with increase in plasma volume reaching a maximum of 45 per cent above 
normal by the thirty-second week of pregnancy.?* The cardiac output at this 
time is increased by 50 per cent. The patient with minimal heart disease may 
tolerate this extra burden as easily as one with a normal heart, but these changes 
can produce an insurmountable load for the patient with advanced heart disease. 
This is particularly true in a patient with free aortic regurgitation, because the 
diastolic reflux into the left ventricle is increased in direct proportion to the in- 


*Bicillin (Wyeth). 
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The functional reserve of the left ventricle is such that 


symptoms of congestive heart failure do not develop until relatively late in the 
natural course of the disease. Pregnancy may result in a high maternal death 
rate in patients with this lesion. 


There is little question that this patient would not have been able to tolerate 
successfully the circulatory burden of her pregnancy prior to insertion of the 
Hufnagel valve. Her completely uneventful course during pregnancy is a tribute 
to the favorable physiologic effect of this artificial valve. 


TABLE I 


DIAGNOSIS 


DATE OF 
OPERATION 


RESULTS 


Rheum. H.D. 


Rheum. H.D. 


Rheum. H.D. 


Rheum. H.D. 


Rheum. H.D. 


Syphilitic H.D. 


Marfan’s Syn. 


Syphilitic H.D. 


Rheum. H.D. 


Rheum. H.D. 
Rheum. H.D. 


Rheum. H.D. 


April, 1954 


April, 1954 


April, 1954 


May, 1954 


July, 1954 


July, 1954 


March, 1955 


March, 1955 


April, 1956 


Sept., 1956 
Dec., 1956 


May, 1958 


Uremic preoperatively; died 
of renal failure on second 
postop. day 


Died 21 days postop. of 
septicemia 


Died 22 months postop. with 
massive hematemesis from 
an aorto-esophageal fistula 


Living and well; works daily 
as farmer 


Died during anesthetic in- 
duction 


Died 16 days postop. from 
mesenteric embolus 


Died 4 months postop. 


Good result, but died 7 
months postop. from em- 
pyema of gall bladder 


Living and well; had full- 
term pregnancy 


Living and well 


Living and well; working 
daily 


Marked improvement 3 
months 


SUMMARY 


A report is given of a 19-year-old patient with severe free aortic regurgitation 
cue to chronic rheumatic heart disease in Class IV functional capacity. <A 
'iufnagel valve was inserted, with subsequent improvement of her cardiac symp- 
toms and successful completion of a full-term pregnancy. 
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Mathematical Methods for Analyzing Leads 
Robert A. Helm, M.D., Cincinnati, Ohio 


In accordance with the concept of Burger and Van Milaan,! 
(1) 


where h is the vector force created by a dipole located in a linear resistive (but 
not necessarily homogeneous) volume conductor, and j is the vector of a lead, 
the recorded scalar voltage of which is p. If the location of the dipole within 
the volume conductor remains constant, the vector, j. remains constant and 
p is then a function of the strength and orientation of the dipole. If the dipole 
vector, h, has scalar orthogonal components, u, v, and w, and the lead vector, i. 
has corresponding scalar orthogonal components, x, y, and z, the potential, p, 
is given by 
p= ux + vy + ws (2) 

If there are any number of dipoles in the volume conductor, there are a 
corresponding number of lead vectors, each of which remains constant as long 
as the location of its respective dipole remains fixed. If there are n such di- 
poles, the total scalar voltage, P, recorded by the lead in question is expressed 
by the equation 


P = 7) (3) 


where the symbol © refers to the summation of the n scalar dot products.* This 
equation is justified by Helmholtz’s theorem of superposition as stated by Wilson 
and Bayley.? It can also be written in terms of orthogonal scalar components as 


P = + vy + wz) = + T(vy) + (4) 


This concept can be extended to the heart if the latter is represented as a 
multipole aggregate, and if the assumption is made that the locations (but not 
necessarily the orientations) of paired poles remain fixed. In vectorcardiography 
the assumption is often made that the multiple aggregate can be represented as 
a single equivalent dipole of fixed location. If this assumption is made, it is 
tantamount to changing Equation 3 to 


P’ = (3h) (3j) (5) 


From the Cardiac Laboratory, Cincinnati General Hospital, and the Department of Internal 
Medicine, College of Medicine, University of Cincinnati, Cincinnati, Ohio. 
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*In all subsequent equations the symbol = will likewise indicate a summation of n items. 
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and Equation 4 to 


P = (Zu) (2x) + (Zy) + (Zw) (22) (6) 
It is apparent, however, that P = P’ unless 
(7) 
or its equivalent in terms of orthogonal scalar components: 
= = & (7z) 


Therefore, the representation of the heart by means of an equivalent dipole 
generator of fixed location is only justified if the lead used to record a scalar 
component of its electromotive force possesses the characteristics defined by 
Equation 7. (This is equivalent to the statement that such a lead has a com- 
pletely uniform field in the region of the heart.*) Even if such a lead could be 
developed, the assumption that the heart could also be represented as a single 
equivalent dipole of fixed location for all other leads would be completely un 

justified. Therefore, it is apparent mathematically that the representation of 
the heart as a single dipole, so widely and so loosely utilized, is primarily de- 
pendent upon the lead in question. This, of course, is also qualitatively apparent 
if leads in the widest sense of the term are considered. Thus, there is contro- 
versy concerning the equivalent dipole representation for body surface leads, 
but no one would consider that the heart functions like a single dipole if one 
of the lead points is located on the epicardial surface, within the myocardium, 
or within one of the cavities of the heart. 

The structure of a lead, therefore, is of the utmost importance and deserves 
the increasing attention which investigators are directing toward it. Lead 
structure can be defined either quantitatively in terms of a multiple lead vector 
representation‘-® or qualitatively in terms of a lead field representation.* In 
recent years, following the initial work carried out by Burger and Van Milaan 
over a decade ago,! many experiments on models have been and are being con- 
ducted.’-!° The data collected from such studies can be quantitatively analyzed 
most satisfactorily with the multiple lead vector representation. It is the pur- 
pose of this paper to develop mathematical methods for carrying out such analy- 
ses. Their detailed applications will be subjects of future reports. 

In order to develop the necessary equations to express the analytic methods, 
various quantities must first be defined. The symbols p, P, P’, h, i. n, u, V, 
w, x, y, z, and ¥ have already been defined and these definitions will be main- 
tained in the subsequent discussion. These symbols also allow the following 


definitions to be made: 


| 
(8) 
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y= V4 2 (10) 


(11) 


>, andcos c (12) 


cos A = - cos B = .. and cos C = (13) 


Since j and J are vectors, the angle D, formed by their intersections, is, 
from analytic solid geometry, 


cos D = (cos a) (cos A) + (cos 6) (cos B) + (cos c) (cos C) (14) 
or, from Equations 12, 13, and 8, 


cos D = HIV + _ + + 
iJ njJ 


Fig. 1.—See text. 


Attention is now directed to Fig. 1 in which a simple, two-dimensional 
example of two vectors, ji and je is depicted. The vectors are positioned to 
ntersect at their origins. The vector J, representing the mean of ji and js 
s constructed by drawing an arrow from the common origin to the mid-point 
f the dotted line joining the termini of j; and jp. 
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Attention is next focused on the relationships between j; and J of Fig. 1. 
The magnitude, e1, is determined by superimposing the magnitude of T on 
ju. Therefore, emi = j1 — J. The dotted line joining the termini of j’ and J has 
a magnitude, eu. The magnitude, ea, is then drawn between the terminus 
of J and the point on j; which was already determined by the construction of 
€ mi. Thus a triangle has been formed, the sides of which, e m1, @a1, and e., are 
the geometric representations of the various errors involved in assuming the 
validity of Equation 7. If this equation were completely valid, this triangle 
could not be constructed because j; and J would be identical in magnitude 
and direction. It is apparent from Fig. 1 that e,,: represents the error involved 
in the magnitude of 4 and eq: represents the error involved in the direction 
of ju both of these errors being with respect to J. If j1 = J, mi = O, and if 
angle D, = 0°, ea1= 0. Finally, e.; represents the total error, that is, the com- 
bination of the error in magnitude and the error in direction of 7; with respect 
to J. Thus, e.; = 0 only if both conditions, j; = J and angle E = 0°, are fulfilled. 
If emi = 0,ea1= eu. If ear= 0, ear = ex. 

For the lead vector, ja. the representations of the error in its magnitude, 
€ m2, the error in its direction, eg2, and the combination of the error in both its 
magnitude and its direction, e.2, may be constructed, as shown in Fig. 1, in the 
manner in which the lines representing the various errors of j; were constructed. 

Having geometrically depicted the errors involved in Equation 7 for the 
two lead vectors of Fig. 1, it would be desirable to develop algebraic expressions 
for such errors in the case of n lead vectors located in three-dimensional space. 
For any one of the n lead vectors the following relationships exist: 


(15) 
= V 2(7* — J*cos D) (16) 
eo = V4 cos D (17) 


Equation 15 results from the construction of Fig. 1. Equations 16 and 17 
are derived from the trigonometric relation between the three sides and one 


angle of a triangle. 

The absolute magnitudes of e,, ea, and e; are dependent not only on the 
errors involved in Equation 7 but also on the magnitude of ¥. For comparing 
the errors involved in two different leads it would be desirable to eliminate the 
factor of the difference between the magnitudes of this vector in the two leads. 
Therefore, the errors defined in Equations 15, 16, and 17 may be corrected by 


dividing each by J. 
If Equation 7 were completely valid, the corrected errors, > 7 and 7 


would each be zero in the case of all n lead vectors. The sums of the squares of 
the n deviations of each of these errors from zero for the n lead vectors may be 


expressed as follows: 


- 0) - as) 


Ih) 
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E; = 0) =D (19) 


Utilizing Equations 15, 16, and 17 for substituting in Equations 18, 19, 
and 20, respectively, expanding, and making use of Equation 14a, it is apparent 
that 


(18a) 


2n- (3) + + (19a) 


(20a) 


Having derived these three expressions for evaluating the errors involved 
in Equation 7, it would also be desirable to develop an expression which would 
evaluate the error involved when only the magnitudes of the vectors of Equation 
7 are considered. Thus, if 


it is apparent that for any one of the lead vectors, j= J’. Therefore, if Equation 
7m is invalid 
em =j— J’ (21) 
The absolute magnitude of the error, ¢|,, is dependent not only on the in- 
validity of Equation 7m but also on the magnitude of J’. For comparing the 
errors of different leads it would be desirable to eliminate the factor of differences 
in the magnitudes of the values of J’ for the different leads. This correction 
may be made by dividing e’, by J’. 
If Equation 7m were completely valid, the corrected error, Ss, would be 
zero in the case of all n lead vectors. The sum of the squares of the n deviations 
of each of these errors from zero for the n lead vectors may be expressed as follows: 


’s Cm Cn 
EZ = 0) = (22) 
Substituting Equation 21 in Equation 22 and expanding, 


= oy = (22a) 


It is also possible to develop an expression which evaluates the error in- 
volved when only the directions of Equation 7 are considered. Thus, if all n 
of the lead vectors have the same direction, 


cos @, = cosa@, = cosa, = ... = COSG, (7dx) 
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I 


cos b, = cos b, = cos b, . = cos b, (7dy } 
cos ¢, = cos ¢, = COB Cc, =... = COB C, (7dz 


and it is apparent that, for any one of the lead vectors, 


cos a 
cos 6 = 
> cos ¢ 1 Zz 
If Equation 7m is invalid, 
x 1 
=t— (23y) 
J 
tu 
Car = j n (23z) 


The absolute magnitudes of the errors, e},, e,,, and e,,, are dependent only on 
the invalidity of Equations 7dx, 7dy, 7dz and are not influenced by the magni- 
tude of the lead vectors involved. Therefore, these errors need no correction. 

If Equations 7dx, 7dy, and 7dz were completely valid, the respective errors, 
e),, €,,, and e’,,, would be zero in the case of all n lead vectors. The sum of the 
squares of the n deviations of each of these errors from zero for the n lead vectors 
may be expressed as follows: 


E; = - - 1( ‘) 


J 
Ea: = Lis 1 (24y) 


Since x? + yv?+ z?= j?, pooling the three sums of squares yields 


In the case of three-dimensional data, each of the five sums of squares 
expressed by Equations 18a, 19a, 20a, 22a, and 24 has 3(n — 1) degrees of free- 
dom, since each of the n lead vectors has three separate scalar components. 
(In the case of two-dimensional data in which one of the scalar components is 
constantly zero, each sum of squares has 2(n — 1) degrees of freedom.) If asum 
of squares is divided by its degrees of freedom, the resulting quotient is a variance. 
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Thus, E;, Ej, Ei, Ex, and E;’ may each be divided by 3(n — 1) to obtain the 
corresponding variances, V3, Vj, Vi, V.;, and V,° Since the ratio of two vari- 
ances, each with the same number of degrees of freedom, is usually the end quan- 
‘ity which is sought, the step involving division of the sums of squares by their 
degrees of freedom may usually be omitted. 

In the complete application of these various mathematical expressions, the 


quantities =x, Zy, Zz, J, J’, j, Zj, J”, and are first calculated 


in accordance with their definitions. They are then substituted in Equations 
18a, 19a, 20a, 22a, and 24, and the various “error squares” are calculated. 


DISCUSSION 


The various formulae derived in the foregoing section have several applica- 
tions, the chief of which is the evaluation of leads for vectorcardiography and 
for multiple lead electrocardiography." In vectorcardiography it is desirable 
that the vectors of a lead have maximal uniformity in both magnitude and 
direction. Therefore, in comparing the efficiency, for vectorcardiographic pur- 
poses, of two leads, A and B, both recorded from the same volume conductor 


with its contained dipoles at fixed locations, the variance ratio, F,: 3 = =e or the 
tB 


variance ratio, Fg., = EB” is calculated, the choice of ratios depending upon 
tA 


which exceeds unity. The value of F so obtained is then entered in a table of 
the F distribution” with 3(n — 1) degrees of freedom in both the horizontal 
and vertical margins. The probability read from the table should be doubled™ 
since a choice is involved in the selection of numerator and denominator of the 
variance ratio.* If this probability exceeds that level arbitrarily chosen by the 
investigator as significant for the experimental conditions of his study, it can 
then be said that that lead which has the smaller E; is significantly better for 
vectorcardiographic purposes than that lead which possesses the larger Ej. 
However, before a lead is accepted as suitable for vectorcardiography, the vari- 
ance ratio, |Fm:a or Fa:m, whichever is larger, should be calculated from 
the sums of squares, E*, and Ej, of this lead. If this variance ratio, as tested 
by entering it into an F table, yields a significantly high probability value, 
the investigator would probably wish to reject the lead for routine vectorcar- 
diographic purposes, since it is desirable that the residual lack of uniformity of 
the n vectors of such a lead should not have a magnitudinal or directional pre- 
dominance. (However, it is conceivable that, for certain purposes, a lead with 
highly uniform vector magnitudes [regardless of direction] might be desirable. 
'n such an instance the sum of squares, E;,, should be demonstrated to be as low 
as possible, both when compared with the values of E? of other leads and with 
©) of the same lead. Likewise, if a lead with highly uniform directions of its vec- 
tors, regardless of their magnitudes, is desired, E; should be demonstrated to 
»e as low as possible by similar comparisons.) 


*It is to be understood that the probability obtained from any variance ratio subsequently dis- 
.ssed in this section should likewise be doubled for the same reason. 
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When three orthogonal leads are selected for vectorcardiographic purposes, 
Bartlett’s test'* of the homogeneity of a group of variances may be applied to 
the values of E; as well as to the values of E; and Ej of all three leads. This 
test, which is somewhat complex, will not be described here, but a concise de- 
scription of its use is available.” 

An electrocardiographic lead which purports to record preferentially the 
electromotive forces developed in a certain region of the heart should have a 
structure which differs fundamentally from the structure of a vectorcardiographic 
lead. When an electrocardiographic Lead A is compared with another Lead B, 
Lead A could be said to record significantly more preferentially than Lead B 


if the variance ratio, F,., = Eas , reached a significant probability level when 
mB 


entered into an F table. In addition, it would be desirable that the variance 

ratio of the magnitudinal and directional errors of Lead A, that is, F.:4 = a 
should also reach a significant probability level. Such a combination of fndings 
would indicate that Lead A possesses a relatively high lack of uniformity of the 
magnitudes of its n lead vectors. That this is the characteristic desired of such 
a lead is apparent from lead field theory* which indicates that there is a gradation 
in the intensity of the lead field over the volume of the heart. Therefore, the 
larger lead vectors would record dipole forces predominantly in one region of 
the heart and the smaller lead vectors would record dipole forces predominantly 
in other regions; the dipoles corresponding to the larger and the smaller lead 
vectors would not have a random distribution. Therefore, the greater the 
variation in the lead vector magnitudes, the greater the capability of the lead 
to record preferentially. 

The equations which have been derived are also applicable to the study 
of a multipole aggregate of a volume conductor to demonstrate the quantitative 
variations which occur with a change in the experimental conditions. Thus, 
the various “error squares’’ may be calculated before and after the electrical 
homogeneity of the volume conductor is varied within the cluster of dipoles and 
in regions more distant from it. Thus, for example, models could be constructed 
to study the effect of the very high conductances of the blood within the cham- 
bers of the heart, the somewhat low conductance of the air-containing lungs 
surrounding the heart, and similar variations in the homogeneity of the volume 
conductor. Likewise, the effect of variations in the size and shape of models 
molded from individuals of varying body habitus could also be expressed quan- 
titatively with these equations. 

In this laboratory these equations are also being applied to the evaluation 
of the significance of the so-called cancellation technique. With their use the 
fundamental structure of two leads which yield similar scalar configurations may 


be minutely compared. 


SUMMARY 
Five equations have been derived which express quantitatively, for any 
given lead, the errors involved in the concept that the heart generator may be 
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represented as a single dipole generator of fixed location and variable moment. 
The application of these equations to the study of the fundamental structure of 
leads is discussed. 
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Coupled Hepatic Pulsations in Tricuspid Incompetence 


(A New Physical Sign) 


R. Barratt Terry, M.D., Chicago, IIl. 


Pulsation of the liver may be expansile, as in tricuspid incompetence, or 
may be transmitted from the abdominal aorta. In theory, the differentiation 
between expansile and transmitted pulsation is easy, but in practice it is fre- 
quently extremely difficult, and endless argument often ensues. ‘This paper is 
concerned with an observation which has been found useful on several occasions 
in determining the character of hepatic pulsations. 

The Effect of Ventricular Extrasystoles on Hepatic Pulsation.—A ventricular 
extrasystole usually results in contraction of the ventricles without ejection of 
significant amounts of blood into the aorta, as indicated by the absence both of 
the second heart sound and of a pulse wave in the peripheral arteries. 

In tricuspid incompetence, such a ventricular extrasystole also fails to create 
an arterial pulsation or a second heart sound, but it does cause substantial 
pulsation in the jugular veins; and, if the normal ventricular systoles are causing 
expansile hepatic pulsation, the ventricular extrasystoles will usually create an 
easily perceptible hepatic pulsation. 

If there is hepatic pulsation in the absence of tricuspid incompetence, it is 
transmitted from the abdominal aorta. In this instance, an extrasystole that 
fails to produce an arterial pulsation will also fail to preduce hepatic pulsation. 

The Effect of Digitalis Coupling on Hepatic Pulsation.—Whereas determina- 
tion of the relationship of hepatic pulsations to isolated ventricular extrasystoles 
requires patience and practice, this observation is rendered much simpler when 
ventricular extrasystoles alternate with normal systoles as in the coupling of 
digitalis intoxication. 

Under these circumstances, in tricuspid incompetence, each normal systole 
results in simultaneous palpable carotid pulsation, visible jugular pulsation, 
and palpable hepatic pulsation: each ventricular extrasystole results in simul- 
taneous jugular and hepatic pulsation, but no arterial pulsation occurs and no 
second heart sound is produced. The persistent occurrence of two hepatic pulsa- 
tions for each single arterial pulsation is a striking clinical phenomenon as well 


as a useful physical sign. 
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If, in fact, the hepatic pulsation in a case of tricuspid incompetence is trans- 
mitted from the abdominal aorta, the alternate ventricular extrasystoles fail to 
produce hepatic pulsation. 

Timing of the Various Pulsations.—It is usually sufficient to palpate the 
liver with the right hand and the right carotid pulse with the left hand; at the 
same time, the pulsations are watched in the left jugular veins. In some instances 
of tricuspid incompetence, however, the marked pulsation of the jugular veins 
may confuse palpation of the carotid pulsation, and it is then easier to feel the 
brachial artery or the abdominal aorta. Simultaneous auscultation of the heart 
with the diaphragm of the stethoscope resting on the precordium helps to con- 
firm the occurrence and timing of the ventricular extrasystoles as well as the 
failure of the extrasystole to produce a second heart sound. 


CLINICAL EXPERIENCE 


These observations were first made in 1956, in a patient in whom tricuspid 
incompetence was quite definite, but much argument centered around the ex- 
pansile or transmitted character of the hepatic pulsations. Then, on one occa- 
sion, while I was trying to decide whether the hepatic pulse was synchronous 
with the carotid pulse, I noted that for every pulsation felt in the carotid 
artery, two pulsations were felt in the liver and two pulsations could be seen in 
the jugular veins. Auscultation of the heart revealed that there was coupling, 
and electrocardiography demonstrated digitalis intoxication with coupled ven- 
tricular extrasystoles. During the ensuing weeks, coupling due to digitalis 
intoxication recurred frequently, and the phenomenon of paired hepatic pulsa- 
tions associated with single arterial pulsations was noted repeatedly. 

Coupled hepatic pulsations have since been noted in three additional cases 
of tricuspid incompetence in which digitalization had been too vigorous, although 
it may be noted that digitalis intoxication appears to occur very readily in these 
patients. 


SUMMARY 


The coupling of the heart beats in digitalis intoxication may be used to 
demonstrate the expansile nature of the hepatic pulsation of tricuspid incompe- 
tence, since ventricular extrasystoles produce pulsations of the liver without 
corresponding arterial pulsation, with the result that two hepatic pulsations may 
be felt for each arterial pulsation. 
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Book Review 


ADVANCES IN ELECTROCARDIOGRAPHY. Edited by Charles E. Kossmann, New York, 1958, Grune & 
Stratton, Inc. 


This book, by filling a real need, will have a wide appeal among all who attempt an intelli- 
gent approach to electrocardiography. Its object is to present the advances made in electrocar- 
diography during the decade 1946-1956. It will appeal in particular to the practicing cardiologist 
who has been finding it increasingly hard to keep up with the literature. 

It is divided into four sections. In the first, ‘Source of Potential,’’ the re-der is introduced 
(but little more) to the form and magnitude of the transmembrane potential, its relationship 
to the movement of ions, and the manner in which it may be influenced by environmental factors. 
This section (18 pages) is admirably written, and with almost “‘telegraphic’’ brevity remains clear 
throughout. 

The second section deals with ‘“‘The Conducting Medium.” While still brief (37 pages) the 
authors manage to review the field of contentious publications which have been concerned with 
the validity of the vectorcardiographic approach. 

In the third section, entitled “Spread of Excitation and of Recovery’”’ (130 pages), the prac- 
tical electrocardiographer will find himself in more familiar territory. The authors have in places 
abandoned the more terse style of earlier chapters, and the chapter on bundle branch block though 
comprehensive and clear is verbose by comparison. The chapter on the ‘‘U’’ wave must have 
been no easier to write than in any previous decade, since there is still very little known about 
the “U"’ wave. Although attributed to after-potentials, which then receive some discussion, it 
is not made clear whether after-potentials have ever been demonstrated in heart muscle or not. 

In the final section on “Arrhythmias” the clinical reader remains in familiar territory. Per- 
haps even too familiar, because some of the material discussed here must have been quite well 
known 10 years ago. It was surprising to see no mention of several aspects of electrocardiography 
which have caused ink to flow in recent years, such as the WPW syndrome and the atrial tachy- 
cardias. 

However, all in all, this is a most admirable book which answers a real need. The contribu- 
tors, and in particular the editor, are to be congratulated on the cohesion and continuity which 
is much greater than is usual for books by multiple authors. This book is an admirable invest- 
ment for those who have failed to read, or alternatively failed to understand, much of the con- 


temporary literature on this subject. 


M. McG. 


Announcement 


Tse SECOND PAN-AMERICAN CONGRESS ON RHEUMATIC DISEASES will be held in Washington, 
D.C., from June 2 to 6, 1959, in conjunction with the 23rd Annual Meeting of the American Rheu- 


matism Association. 
Further information may be obtained from Edward F. Hartung, M.D., Secretary-Treasurer, 


American Rheumatism Association, Washington, D.C. 
160 


Pi. 
> . 
> 


